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Abstract
A Road Grade Based Weighting System for Calculating On-Road Distance Specific
Oxides of Nitrogen Emissions of Light-Duty Diesel Vehicles
Jason D. Bolyard
Light-duty diesel vehicles have received significant public and governmental scrutiny
recently for violating emissions regulations. Similar to the heavy-duty diesel
manufacturers during the late 1990’s, some light-duty manufacturers were implementing
different control strategies between laboratory certification tests and customer on-road
operation. These devices allowed the vehicle to pass certification tests but then use
alternative operation on the road during normal use. The alternative operation would
allow for better fuel economy but higher oxides of nitrogen (NOx) emissions. Light-duty
vehicles are currently certified in the US using chassis dynamometer testing. The effects
of all on-road driving conditions are not mimicked in the chassis dynamometer test
cycles, and, in particular, the terrain is not considered during these certification tests.
Certification in Europe now includes a real driving emissions (RDE) component that
attempts to include the emissions levels of a broader range of driving conditions.
However, the testing constraints of the on-road tests attempt to make the driving
conditions similar to the Worldwide Harmonized Light Vehicles Test Cycle (WLTC)
chassis test by utilizing a CO2 criterion. This study's primary objective is to develop a
grade-based weighting system for calculating on-road emissions of light-duty vehicles.
The secondary objective is to analyze the effects of road grade on overall emissions and
EURO RDE calculated emissions. A variety of routes, including city, rural, and
interstate driving, were included. Each category of driving included routes with a various
levels of road grade. The overall distance-based NOx emission results revealed that road
grade had little effect during city driving. However, a clear trend of increased NOx
emission with increased road grade could be seen for rural and interstate routes. As road
grade is increased, the NOx increased by 20 and 4 times for rural and interstate routes,
respectively. Individual hill climb events indicated that the certification value of NOx
emissions would be exceeded at a road grade above 1.5%. The NOx emissions then
increase exponentially as road grade increased further. The EURO RDE method also
showed an increase of NOx emissions with road grade. In some moderate road grade
cases, the EURO RDE calculation produced NOx emissions that were 11% higher than
the actual overall emissions calculation. A grade-based weighting system was developed
utilizing the road grade distribution of US highways. On-road test runs are analyzed
using a fixed distance moving window. Windows having a grade of less than 1% are
given a weighting factor of one. Windows with grade greater than 1% are given a lower
weighting factor based on US highways' road grade distribution. The grade-based
method produced similar results compared to the EURO RDE method with as much as
40% lower weighted distance-based NOx emission for higher grade routes. In all cases,
the grade-based method calculated distance-based NOx emissions lower than the actual
overall distance-based NOx calculation. In higher road grades, the grade-based method
retains as much as 30% more of the actual emissions data when compared to the EURO
RDE method. The grade-based method also shows less variation of NOx emissions when
road grade is increased.
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1

Introduction
Light-duty diesel vehicles have received significant public and governmental

attention in the United States and Europe recently for exceeding NOx emissions
regulation limits during on-road operation. Similar to the heavy-duty diesel
manufacturers of the late 1990’s, some light-duty vehicle manufacturers were
implementing alternative control strategies during use [1]. These strategies allowed the
vehicle to pass certification tests in a laboratory setting but would also allow for
alternative engine and or aftertreatment operation on the road during normal use. The
alternative operation would allow for increased fuel economy but higher oxides of
nitrogen (NOx) emissions. In some cases, the emission during normal use exceeded
emissions limits. As part of Consent Decrees with the United States Department of
Justice, the United States Environmental Protection Agency (US EPA), and the
California Air Resources Board (CARB), the heavy-duty engine manufacturers were
required to develop an in-use testing program as part of the 1998 agreements [2].
Equipment, test routes, and procedures were developed to evaluate the on-road emission
of heavy-duty diesel vehicles (HDDVs). West Virginia University (WVU) developed the
Mobile Emissions Measurement System (MEMS) as part of the Consent Decrees in the
1999 timeframe [2]. The MEMS primary function was to measure brake-specific NOx
emissions during on-road operation of HDDVs. Testing was then carried out for the
engine manufacturers in the Consent Decrees to ensure that the NOx emissions were
within the allowable standards. Several systems are now commercially available,
including the Horiba OBS-ONE, AVL M.O.V.E. platform, and the Sensors Inc. Semtech
product line [3,4,5]. As light-duty emissions regulations move forward, there will likely
be additional regulatory requirements for light-duty vehicles due to this most recent use
of alternate control strategies.
Light-duty vehicles are currently certified in the US using chassis dynamometer
testing [1]. The test cycles used are the FTP-75 and Supplemental Federal Test
Procedure (SFTP). The FTP-75 simulates an urban driving route. The test is divided into
three phases: cold start phase, stabilization phase, and hot soak phase. The emissions for
each phase are collected separately and expressed on a mass per distance traveled basis
and are normally reported with gram (g) units per mile (g/mile). The emissions of the
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different phases are then weighted and used to calculate the overall emission levels for
the vehicle. The SFTP measures emissions during aggressive highway driving and
driving while the air-conditioning of the vehicle is operating. The SFTP limit is based on
two addition cycles (US06 and SC03) along with the FTP-75.
In Europe, light-duty vehicles are certified using the Worldwide Harmonized
Light Vehicles Test Cycle (WLTC) [1]. The WLTC replaced the New European Driving
Cycle (NEDC) in 2019. The NEDC is a chassis dynamometer test that consists of four
repeated urban driving cycles that are each 195 seconds in duration and an additional
urban driving cycle that is 400 seconds in duration. The emissions are sampled over the
entire test and expressed as a distance-based average in units of grams per kilometer
(g/km). The NEDC was criticized for being unrealistic of real driving and was replaced
by the WLTC [6]. The WLTC covers more than double the distance as the NEDC, has
higher maximum speeds and a more significant percentage of transient operation time.
As a complement to the WLTC, European regulations required on-road emissions testing
with a Portable Emissions Measurement System (PEMS). The test is referred to as Real
Driving Emission (RDE). The complementary test procedures are designed to ensure that
emission standards are not exceeded over a broader range of on-road driving conditions.
The tests are verified using averaging windows that are categorized based on speed and
distance-based CO2. The emissions are equal to the overall distance-based emission
multiplied by an evaluation factor. The evaluation factor is a function of the ratio of
distanced specific CO2 emitted during the RDE test to the distance specific CO2 emitted
during the WLTP.
Studies have been carried out over the years that measured on-road emissions of
light-duty vehicles. One such study was performed using 12 light-duty diesel and
gasoline vehicles [7]. The vehicles were tested over a variety of routes with a variety of
driving conditions. The diesel vehicles exceeded European NOx standards by a factor of
two to four when averaged over the entire route. The NOx emissions were found to be
highest during uphill/downhill driving and motorway driving at high speeds. In general,
the study concluded that the amounts of the emissions vary depending on vehicle make,
operation mode, route, and ambient conditions. It was suggested that future work should
address not-to-exceed concepts and alternative methods for calculating emissions [7].
The current regulations express limits based on a distance-specific basis and do not
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consider the variations of in-use driving conditions. Another study was carried out at
WVU that performed on-road testing on three light-duty diesel vehicles [8]. Several
routes were utilized to incorporate a variety of driving conditions. Overall NOx
emissions were highest for rural-uphill/downhill operation and lowest for relatively flat
high-speed highway operation. The two findings revealed that the emissions levels
reached during in-use testing of light-duty diesel vehicles far exceeded the amounts
obtained during certification testing (FTP-75). The authors suggested that the increase in
NOx during rural-uphill/downhill driving could be contributed to the emissions being
calculated on a distance basis rather than by work produced by the engine.
There was data from these two studies to indicate a discrepancy between the NOx
emissions for light-duty diesel vehicles during certification tests and on-road operation.
This discrepancy was brought to light in the United States when the United States
Department of Justice, the United States Environmental Protection Agency (US EPA),
the United States Federal Trade Commission, the California Air Resources Board
(CARB), and others filed suit against Volkswagen of America in September 2015 [9]. It
is unclear at this time, but other manufacturers may have also implemented alternative
control strategies for diesel engines used in the United States and elsewhere.
As regulations are developed to combat these issues, it is important to consider
both the regulator and manufacturers’ perspective. The regulators’ goal in the United
States is to enforce the Clean Air Act (CAA) by putting standards in place to enhance the
nation’s air quality and protect the public. Other countries and areas have their respective
requirements but are similar in nature to the CAA. The manufacturers’ goal is to
conform to these standards to sell vehicles and continue developing more efficient, lower
emissions vehicles. To accomplish their goal, the regulators must develop testing
procedures for vehicles that will mimic real-world emissions generation. Projections can
then be made on the actual emissions being produced, and the appropriate reductions can
be made to achieve air quality goals. On the other hand, the manufacturers need clearly
defined procedures and achievable standards that can be attained with minimal cost.
An on-road testing program is needed to close the gap between emissions produced
during laboratory certification and on-road operation so the regulators can reach air
quality goals. An on-road certification is also a way to restore confidence to the
consumer that the light-duty diesel vehicle is an economical and environmentally friendly
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option. The Euro RDE is an option but is complicated as far as route verification and
emissions calculations. This study's primary objective is to develop a grade-based
weighting system for calculating on-road emissions of light-duty vehicles. The
secondary objective is to analyze the effects of road grade on actual overall emissions and
EURO RDE weighted emissions.
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2
2.1

Review of Literature
Light-Duty Diesel Vehicle Certification
In the United States, light-duty diesel vehicles operated on public roadways are

certified over the FTP-75 test cycle on a chassis dynamometer [1]. The FTP-75 is
divided into four phases: 1. cold start transient phase (0-505s), 2. stabilization phase
(506-1372s), 3. hot soak (min. 540s, max. 660s), and 4. hot start phase (0-505s). The
total distance traveled is 11.04miles with an average speed of 21.2mph and a maximum
speed of 56.7mph. The total emissions from each phase are collected in separate bags, or
the continuous signal is integrated into discrete segments and expressed in distantspecific units such as g/mile. The cold start phase and hot start phase are weighted with
factors of 0.43 and 0.57, respectively. The stabilization phase is weighted with a factor
of 1. Light-duty diesels are also required to be tested using the Supplemental Federal
Test Procedures (SFTP) that are made up of two additional cycles (US06 and SC03). The
US06 cycle simulates aggressive and high speed/high acceleration driving. The US06
has a length of 8.01miles, average speed of 48.4mph, and a maximum speed of 80.3mph.
The SC03 is a test cycle that is carried out at a laboratory temperature of 95°F with the air
conditioner in operation. The test's length is 3.6miles with an average speed of 21.6mph
and a maximum speed of 54.8mph. The overall emissions value for the SFTP is
calculated with weighted values of the FTP-75 (0.35), US06 (0.28), and SC03 (0.37).
In Europe, emissions for light-duty vehicles were tested on a chassis dynamometer
over the New European Driving Cycle (NEDC) [10]. The cycle consisted of four
repetitions of the ECE 15 driving cycles and an additional urban driving cycle (EUDC).
The emissions are sampled over the entire test and expressed as a distance-based average
in g/km. The ECE cycle is an urban driving cycle with a duration of 195s that simulates
low speed, low engine load, and low exhaust temperature driving conditions. The
EUDC segment accounts for more aggressive and high-speed driving. A more realistic
world-wide harmonized light-duty test cycle (WLTC) was implemented and replace the
NEDC for all new vehicles in 2019 [1]. The WLTC has several variations depending on
the vehicles power to mass ratio (PMR) and certification country [6]. The most
aggressive is the WLTC Class 3-2. This class is for vehicles with a PMR greater than 34
kW per metric ton (t) and a maximum speed higher than 120 km/hr. The WLTC Class 3-
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2 has an overall length of 1800s and is broken into four speed range segments (low: up to
60km/hr, medium: between 60 and 80km/hr, high: 80-110km/hr, and extra high: greater
than 110km/hr). The test cycle information for the FTP-75, US03, US06, NEDC, and
WLTC Class 3-2 can be seen in Table 2-1 [6] It is important to note that all of the
certification cycles used have a prescribed speed-time profile with a defined duration.
Knowing the test duration or the speed-time profile could trigger different software
algorithms within the engine control unit to adjust engine and or aftertreatment control to
alter the emissions emitted from the vehicle.
Table 2-1: Test Cycle Information [6]

Cycle
NEDC
WCTC Class 3-2
FTP-75
US-03
US-06

Time
(s)
1180
1800
2477
600
600

Distance
(m)
11000
23266
17769
5761
12888

Max. Speed
(km/h)
120
131.3
91.2
88.2
129.2

Avg. Speed
(km/h)
33.6
46.5
34.1
34.6
77.3

To simulate a vehicle driving on the road, a chassis dynamometer must apply
resistance to the vehicle’s drivetrain representing the load that would be experienced
during normal use [6]. The amount of resistance required can be calculated using the
road load equation. The road load equation is the sum of the rolling resistance,
aerodynamic drag, road grade resistance, and the force to overcome the vehicle's inertia
and rotating parts. The road load equation can be seen in Equation 1. The total tractive
force is represented by Ftr, where cfr and cd represent the tire rolling resistance coefficient
and drag coefficient, respectively. The mass (mv), acceleration of gravity (g), road angle
(θ), density of air (ρa), and vehicle frontal area (Af) can all be assumed to be constant at a
given instant and the road load equation can be reduced to Equation 2. The rotation
inertia is generally neglected and only the linear acceleration (dV/dt) is considered. An
experimental coast-down test is used to determine the coefficients b0, b1, and b2.

6

Equation 1: Road Load Equation [6]

Equation 2: Simplified Road Load Equation [6]

The coast down procedure is used to experimentally estimate the coefficients
found in the simplified road load equation (Equation 2). The test occurs on a flat and dry
test track with little to no wind. The vehicle is accelerated to 75mph in the US and then
decelerated to rest after placing its transmission in neutral. The velocity change with
respect to time can be used to calculate the resistance force as a function of time. The
test is then performed in the opposite direction and averaged to normalize for wind and
any road grade. The b0, b1, and b2 coefficients can then be obtained through a least
squares regression. These coefficients and the test mass of the vehicle are used to adjust
the chassis dynamometer loading.
The European Commission and member states have also implemented real-world
driving emissions (RDE) test methods using PEMS because of concerns that real-world
emission may exceed certification limits [11]. The original RDE test methods were
outlined in Commission Regulation (EU) 2016/427 and involved two options for
calculating emissions [12]. The first is a moving averaging window (MAW) method
using a CO2 moving averaging window that consists of 50% of the WLTC total CO2
emissions and moves once per second. The average speed is used to categorize the
windows into speed bins of urban, rural and motorway driving. Emissions are then
calculated giving each mode equal weight. The second method categorizes vehicle
operation on the bases of instantaneous power. The process checks that the resulting
power distribution is within a prescribed tolerance when compared to the WLTC.
Average emissions for the different power bins are calculated and weighted to calculate
7

an overall emissions value. The RDE was updated in commission Regulation (EU)
2018/1832. The update included the elimination of the weighting of individual windows
and the power binning method. In the updated method the emissions are equal to the
overall distance-based emissions of the test multiplied by an evaluation factor.
The boundary conditions for the RDE PEMS testing specify that the payload of the
vehicle is to consist of the driver, a passenger to witness the test, testing equipment, and
any mounting or power supply for the testing equipment [12]. Moderate conditions are
considered an altitude lower or equal to 700m and a temperature between 0° and 30°C.
Extended conditions are an altitude between 700m and 1300m and a temperature between
-7°C and 0°C or between 30°C and 35°C. The trip must consist of 34% urban, 33% rural,
and 33% motorway distances. The urban category is defined by speeds up to 60km/hr,
rural as speeds between 60 and 90km/hr, and motorway as speeds greater than 90km/hr.
The trip duration must be between 90 and 120 minutes. The elevation difference shall
not be more than 100m between the start and end of the test. The minimum distance of
each operation category is 16km. After the test, the emissions are calculated with the
MAW and Power Binning method. For the MAW method, windows are sized based on
half of the CO2 mass emitted by the vehicle over the WLTP cycle [12]. The first window
starts at the beginning of the test and ends when the CO2 reference amount is
accumulated. The second window start point is based on the collection frequency of the
data. The data collection rate must be a minimum of 1Hz. For example, if the collection
frequency is 1Hz the second window will start at time equal to 1second. The window
once again ends when the CO2 reference amount is accumulated. This process continues,
and windows are created for the duration of the test. The test is considered complete
when at least 15% of the total windows fall into the three driving condition categories.
For the test to be valid, 50% of each driving category windows must fall within a primary
tolerance of ±25% of the vehicle's CO2 reference curve. The vehicle's reference curve is
based on data obtained during the WLTP cycle. Three data points are used to create two
linear segments on the distance-based CO2 vs. average speed diagram. Figure 2-1
illustrates the CO2 reference curve and the tolerances that are used to validate and weight
the moving windows of a test. The points P1, P2, and P3 are based on the CO2 emissions
in (g/km) for the low-speed phase, high-speed phase, and extra-high-speed phase of the
WLTP, respectively. An average speed of 19km/h, 56.6km/h, and 92.3km/h are used to
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position P1, P2, and P3 on the horizontal axis, respectively. The windows for each driving
category are weighted and averaged. Any window that falls within the primary tolerance
(tol1) is given a weight of one. Any window falling above or below the secondary
tolerance (tol2) of ±50% is given a weight of zero. The weight of windows falling in
between the primary and secondary tolerance is reduced linearly from one to zero as the
windows deviate away from the primary tolerance. Total trip distance-based emissions
are then calculated by weighting the values for each driving condition and averaging.
The weighting values are 0.34 for urban, 0.33 for rural, and 0.33 for motorway driving.
The regulations also have conformity factors that are applied to compensate for the lesser
accuracy of PEMS testing. The conformity factor is an allowance above the chassis
dynamometer measured regulated value. In 2017 a temporary conformity factor for NOx
of 2.1 was used until 2020 were the factor was reduced to 1.5.

Figure 2-1: RDE CO2 Reference Curve [12]

The power binning method finds emission rates over three second windows. The
rates are then categorized based on the average wheel power for the window [12]. The
categories are nine power bins that are based on a reference power value for that vehicle.
The reference power value is the chassis dynamometer power when the vehicle is on a
flat grade at 70km/h with an acceleration of 0.45m/s2. Average emissions rates are then
found for each power bin. The average power bin emission rates are then weighted based
on that bin's time share and averaged to find the total trip emissions rate. The
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calculations are also performed for the urban category only. Both the total and urban
average rates are then converted to a distance-based value.
The RDE test validation and emission calculations were updated in Commission
Regulation (EU) 2018/1832 [13]. The power bin option was eliminated. The test is still
validated using the MAW method and CO2 reference curve. The upper primary tolerance
was changed to a value of 45% urban driving and 40% for rural and motorway driving.
The lower primary tolerance is now 25% for conventual internal combustion vehicles.
The lower primary tolerance is 100% for some hybrid vehicles. Each driving category
must have at least 50% of the moving window data points within the primary tolerance
for the test to be valid. The distance specific emission values are calculated for the
overall test by dividing the unweighted overall mass of an emission by the total distance
traveled. The overall distance specific emissions value is then multiplied by an
evaluation factor that is based on the ratio of distanced specific CO2 emitted during the
RDE test to the distance specific CO2 emitted during the WLTP. The evaluation factor
function can be seen in Figure 2-2. Where RFL1=1.3 and RFL2=1.5. The conformity
factor was reduced to 1.43 under the new evaluation method.

Figure 2-2: RDE Evaluation Factor

Japan certifies light-duty vehicles with a chassis dynamometer test labeled as the
JC08 Cycle [1]. The cycle consists of idle and frequent acceleration and deceleration to
simulate congested urban driving. The test has a total distance of 8.171km and a duration
of 1204 seconds. The test is performed with a cold start and then again with a hot start.
The cold start and hot start are weighed 25% and 75%, respectively, to calculate an
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overall emission total. This cycle and weighting factors were fully implemented in 2011.
Starting in 2018 the vehicles are tested using the WLTP.
2.2

Light-Duty Diesel Emissions Certification Levels
The Clean Air Act Amendments (CAAA) of 1990 put into motion the Tier 1 and

Tier 2 standards for light-duty vehicles [1]. The EPA began phasing in Tier 3 standards
in 2017. Testing is performed over the FTP-75 cycle. A summary of the diesel passenger
car NOx standards can be seen in Figure 2-3. The Tier 1 NOx standard of 1g/mi was
phased in from 1994 to 1997 for all new vehicles from beginning of life to five years or
50,000 miles. The standard of 1.25g/mi was also phased in for new vehicles from 50,000
to 100,000 miles or 10 years. The Tier 2 standards included a variety of options for the
manufacturers for certification. Manufacturers could certify vehicles to available bins
with NOx levels ranging from 0.05 to 0.4g/mi for new vehicles from beginning of life to
50,000 miles or five years. Also, the bins have a standard ranging from 0 to 0.9g/mi for
new vehicles from 50,000 to 120,000 miles. Overall, the vehicle fleet for each
manufacturer must comply with an average standard of 0.07g/mi in 2009. The Tier 3
standard for NOx is totaled with nonmethane organic gas (NMOG) and have available
certification bins ranging from 0 to 0.16g/mi. The fleet average for each manufacturer
must comply with 0.03g/mi by 2025. The emissions levels are a fleet average, and a
given vehicle model may be certified above or below the certification. The fleet average
is set to provide overall ambient air quality while providing the manufacturer flexibility
to implement different emissions technologies for their different vehicle models.
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Figure 2-3: EPA NOx Standards for Passenger Car [1]

2.3

Auxiliary Emission Control Device (AECD)
The 40 CFR §86.1803-01 defines an auxiliary emission control device (AECD) as

“any element of design which senses temperature, vehicle speed, engine RPM,
atmospheric pressure, manifold pressure or vacuum, or any other parameter for the
purpose of activating, modulating, delaying, or deactivating the operation of any part of
the emission control system (including, but not limited to injection timing); or any other
feature that causes in-use emissions to be higher than those measured under test
conditions” [14]. A defeat device is defined as “an auxiliary emission control device
(AECD) that reduces the effectiveness of the emission control system under conditions
which may reasonably be expected to be encountered in normal vehicle operation.” An
AECD is legal if the AECD operating conditions are substantially included in the Federal
emission test procedure. Additionally, AECD’s are also justified if required to start the
vehicle or to prevent damage to the engine and aftertreatment. It is also justified to have
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an AECD in emergency vehicles to prevent loss of power or speed during an emergency.
The AECD’s and their effects must be reported to the EPA and CARB.

2.4

Heavy Duty In-Use Testing Requirements
As a result of the 1998 Consent Decrees, heavy-duty diesel manufacturers must

perform not-to-exceed (NTE) testing [1]. The NTE testing is performed with a PEMS
during normal on-road operation. The testing is not performed over a specific route but
are measured and averaged over windows of operation in the vehicles NTE zone that are
at least thirty seconds in duration. A generic engine torque vs. engine speed diagram of
the NTE zone can be seen in Figure 2-4. The value nlo is the lowest engine speed at
which the engine can produce 50% of its maximum power. The value nhi is the highest
engine speed at which the engine can still produce 70% of its maximum power. The n15%
ESC

is the lower engine speed boundary of the NTE zone and it is above the nlo value by

15% of the difference between the nhi and nlo values. The upper torque boundary of the
zone is the maximum torque line. The lower torque boundary is defined by the 30%
maximum power line and the 30% maximum torque line. The emissions in the NTE zone
must be at or below 1.5 times the FTP heavy-duty transient cycle limit plus a PEMS
accuracy margin of 0.15g/bhp-hr.
There are some exclusions for cold start/cold weather conditions and diesel
particulate filter regeneration events. For engines with exhaust gas recirculation (EGR)
there are exclusion zones that can be seen in Figure 2-5 [1]. When the intake manifold
temperature (IMT) and engine coolant temperature (ECT) are below certain levels, the
NTE events are excluded. The lower limit for IMT and ECT increases linearly with
intake manifold pressure (IMP). There are also considerations for regeneration events
[15]. The minimum NTE window size is increased if regeneration events occur during
testing. The time spent during regeneration is divided by the time of the entire test to
calculate a regeneration factor. If an NTE event contains a regeneration event, the
regeneration time divided by the regeneration factor is the minimum time for that NTE
event to be valid.
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Figure 2-4: Heavy-Duty NTE Zone [1]

Figure 2-5: Heavy-Duty In-use Exclusion Zone [1]

2.5

NOx Control Strategies
NOx is a regulated emission because of its adverse health effects. The amount of

NOx produced by a vehicle can be controlled in several ways. The primary cause of
NOx is the dissociation of N2 to monatomic N at temperatures above 2500°F. The
monatomic nitrogen is then free to combine with oxygen to produce NOx. The engine
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components and controls can be optimized to reduce combustion temperatures and reduce
NOx. However, to reduce NOx to meet current emission standards, additional emissions
control equipment is needed. Exhaust gas recirculation (EGR) was first introduced to
dilute the intake air and reduce the amount of available oxygen to reduce combustion
temperatures. NOx can also be reduced after the exhaust leaves the combustion chamber
through chemical reactions. Aftertreatment systems like the selective catalytic reduction
(SCR) system for diesel exhaust use a urea solution that breaks down into ammonia and
reacts with a catalyst material to convert NOx to N2 and water.

2.5.1

Exhaust Gas Recirculation (EGR)
In the early 1970’s, EGR was introduced to on-road gasoline vehicles [1]. This

technique uses exhaust gas to dilute the intake air and reduce the temperature of
combustion. The amount of EGR is controlled by a valve that is placed between the
exhaust system and the intake manifold. Originally the valve was controlled by intake
manifold vacuum. As engine speed increased, the manifold vacuum would also increase
and open the valve further to provide more EGR. Over the years, the EGR systems
became more sophisticated as emission regulation became more stringent and technology
improved. Presently, EGR is controlled by electronic actuators based on data from
various sensors. The EGR systems also utilize a cooler to reduce the temperature of the
recirculating exhaust to improve effectiveness. Hybrid systems have also been
implemented on turbocharged diesel engines that have both a high and low-pressure loop.
The high-pressure loop takes high pressure exhaust before the inlet of the turbocharger
turbine and delivers it to the pressurized intake manifold. The low-pressure loop takes
exhaust from the outlet of the turbocharger turbine and delivers it to the vacuum side of
the turbocharger compressor. The high-pressure loop operates at lower engine speeds
and loads. The low-pressure loop takes over at higher engine speeds and loads. The
hybrid system attempts to provide a balance between emissions reduction and fuel
economy.
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2.5.2

Selective Catalytic Reduction (SCR)
The primary aftertreatment to reduce NOx in diesel engines is the selective

catalytic reduction (SCR) [16]. The SCR uses ammonia (NH3) and a catalyst material to
convert NOx to nitrogen N2 and water H2O. A diesel oxidation catalyst (DOC) is
installed upstream of the SCR and is used to reduce HC and CO and also to convert NO
to NO2. The fastest and preferred NOx reduction is a reaction that only includes NO2.
Systems may also include a diesel particulate filter (DPF). The DPF captures particulate
matter over time and eventually needs to be regenerated with high temperatures.
There are three types of SCR catalysts: vanadia, copper zeolite, and iron zeolite.
The vanadia type are the lowest cost but are limited to temperature below 550°C. These
catalysts can’t be used with DPF systems because of the greater than 650°C temperatures
required for regeneration. The copper zeolite type performs the best of the three types at
lower temperatures. Sulfur poisoning can occur with this type and require an occasional
high temperature cleaning. The iron zeolite catalysts have the best high temperature
performance but are sensitive to the ratio of NO to NO2. In general, SCRs are limited by
exhaust temperature. The vanadia type requires exhaust temperatures between 250°C and
450°C. The iron zeolite needs temperatures greater than approximately 250°C to convert
NOx effectively. The iron zeolite will continue to convert NOx at a high rate at
temperatures of 600°C. The copper zeolite has the highest conversion efficiencies
between 200°C and 300°C. The rate of NOx conversion decreases at a temperature
above 300°C for the copper zeolite but is stable up to temperatures of 650°C.
2.6
2.6.1

Light-Duty In-Use Emissions Testing
JRC, 2011
A 2011 Joint Research Centre (JRC) study analyzed the on-road emissions from

12 light-duty diesel and gasoline vehicles that complied with Euro 3-5 emissions [7].
Test vehicles were five gasoline, one gasoline-hybrid, and six diesel. All of the gasoline
vehicles were equipped with 3-way catalysts. All of the diesel vehicles were equipped
with oxidation catalysts, and four of them were also equipped with DPF. Four test routes
were used, representing rural, urban, uphill/downhill, and motorway. The PEMS test
equipment was a Semtech-DS PEMS from Sensors, Inc. The PEMS included an 80kg
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external battery for the power supply to avoid adding to the vehicle’s alternator load. The
PEMS weight represented 9% of the total vehicle test mass. The PEMS has a similar
mass to a person and simulates a passenger riding in the vehicle. Emissions were
calculated as overall route integrated values and using an averaging window method.
The duration of the first window was set at the point at which CO2 accumulated to an
amount equal to the NEDC test. Proceeding windows were then initiated based on the
sampling rate. The diesel vehicle's PEMS results for average NOx was 0.93 ±0.39g/km.
This exceeded Euro 3-5 standards by a factor of two to four for average NOx over the
entire route. Individual averaging windows exceeded by a factor of 14 for NOx. Overall,
the gasoline vehicles for NOx were within Euro 3-5 limits. The CO and THC emissions
were within limits for both the diesel and gasoline vehicles. The cold start emissions of
both gasoline and diesel vehicles exceeded emission limits. On-road NOx emissions
were highest during uphill/downhill driving and during driving with significant road
grade on motorway at speeds exceeding the NEDC maximum velocity of 120km/h. This
was thought to be caused by low exhaust gas recirculation rates at high engine loads and
catalyst efficiency decreasing because of cool-down during reduced exhaust energy while
going downhill. Overall, the diesel vehicle emissions depended on vehicle velocity and
operation mode. Future research was suggested to address not-to-exceed regulatory
concepts and alternative metrics for defining emissions limits. Distance-specific
quantities were identified as problematic because they lacked a reference to actual engine
parameters and insufficiently accounts for large variability of on-road driving conditions
that may include long idling periods in congested traffic.
2.6.2

AECC, 2014
Two light-duty diesel vehicles were tested by the Association for Emissions

Control by Catalyst (AECC) over three standard chassis dynamometer cycles, three
random chassis dynamometer cycles, and two on-road routes [17]. One vehicle was
equipped with an SCR and DPF and the other with dual-EGR and DPF. The tests used
were the NEDC, Common Artemis Driving Cycle (CADC), and WLTC. The random
chassis cycles were based on parts of the WLTC. The on-road routes consisted of a
variety of rural, urban, and motorway driving conditions. Route 1 started with motorway
operation, moved to urban driving, and then to rural roads. Route 2 began with urban
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operation, then motorway and finally rural roads. The NOx results were found for the
entire chassis test cycles and PEMS routes were reported. The NEDC tests were at or
below the Euro 6 limit. All of the other tests found emission levels above the limit. The
highest NOx emissions were six times the limit and found during the on-road PEMS
routes. The PEMS routes revealed that the highest NOx rates were accompanied by
steady-state operation with high speed and medium to high power events.
2.6.3

JRC, 2014
A real driving emissions for light-duty vehicles RDE-LDV working group

assessed using a random driving cycle and on-road emissions testing with PEMS [10].
The random cycle testing was proposed to be conducted on a chassis dynamometer test.
The test would have random test temperature and driving dynamics. The random cycle
generator uses short trips contained in the database that was used to develop the WLTC.
The study showed that both procedures were feasible. The random cycle benefits are that
established analytical equipment in a laboratory can be used and the ability to reproduce
individual emission tests under defined conditions. Additionally, controlling the severity
of the test through the driving dynamics and potentially adapting it to the vehicle powerto-mass ratio were added benefits of doing chassis dynamometer testing. However, the
random-cycle may not cover certain high acceleration at low to medium speeds and low
acceleration at high speeds. Also, the random chassis tests do not take road grade into
account. In the random cycle, the test times may increase because of the time needed to
heat up and cool down the test cell to simulate random ambient conditions. PEMS onroad testing benefits included covering a wider range of driving conditions and being
more effective in detecting defeat strategies. The on-road evaluation would overall be
more robust in capturing the real-world emissions of light-duty vehicles. The on-road test
can, however, be influenced by driver behavior, geographical location, and ambient
conditions. The amount and severity of road grade would be based on geographical
location. The temperature range during on-road testing is limited by ambient conditions
around the test site and seasonal temperature variability.
Data evaluation methods were analyzed as well. Three methods were assessed
and included categorizing emission data according to vehicle speed bins, weighting
emissions data based on a pre-established vehicle power map, and averaging emissions
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data using a moving averaging windows principle. In the speed bin method, emissions
data was averaged over five seconds in speed bins of 5km/h. Wider bands were also used
and included <60km/h for urban, ≥60 and ≤90km/h for rural, and >90km/h for motorway.
A second analysis was also performed on a CO2 mass basis using a power bin based
analysis. Three second windows were categorized in power bins, and the averages of
pollutants were multiplied with a weighting factor. The factor was obtained from the
relative frequency distribution of power in a power-distribution map obtained from the
WLTC database. Then each average emissions value multiplied by its weighting factor
were summed to calculate a single emissions value expressed in g/hr, g/kgCO2, and g/km.
In the third method, emissions were averaged over a moving averaging window. The
window begins based on a reference quantity such as CO2 mass, distance, or time. The
first window is completed once the reference value is reached. The averaging window
then moves along the measurement interval, for example 1Hz. Averaging windows are
then categorized based on speed bins <45km/h urban, 45 to <85km/h rural, and ≥85km/h
motorway. Note that there are different speed ranges used between the speed bin and
moving average methods. Distance-specific emissions can then be compared to a
regulated limit.
2.6.4

West Virginia University, 2014
Three test vehicles were examined that were certified to US-EPA Tier2-Bin5 and

California LEV-II ULEV emissions [8]. Vehicle A had a lean-NOx trap (LNT) and
Vehicles B and C had a urea-based SCR. Gaseous emissions NOx, CO, THC, and CO2
were measured using the OBS-2200 PEMS from Horiba LTD. The particulate number
and mass concentration were inferred from real-time particle charge measurements with a
model PPS-M particle sensor from Pegasor. Five pre-defined routes categorized as
highway, urban/suburban, and rural-up/downhill were used. The emissions were
averaged over the entire route. The NOx emissions were also analyzed using an
averaging window method based on European regulations. The window size was based
on the total mass of CO2 emitted for the FTP-75 and NEDC certification tests. The LNT
equipped vehicle's NOx exceeded the US-EPA Tier2-Bin5 limit by a factor of 15 to 35
times. One of the SCR equipped vehicles exceeded the standard by 5 to 20 times and the
other was at or below the standard. The second SCR equipped vehicle only exceeded the
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limit when on the rural-up/downhill route. The two high-emitting vehicles were both
below the standard for the FTP-75 certification. Overall, highway driving showed the
lowest NOx emissions and rural-up/downhill driving showed the highest emissions.
During rural and uphill/downhill, vehicles A and B were below levels observed for urban
driving and close to what was found during highway driving. Vehicle C emitted
significantly more NOx during rural-up/downhill driving than the certification values. It
was suggested that the increases in NOx during rural-uphill/downhill driving could be
because the emissions are calculated based on distance and not work produced by the
engine.
2.6.5

National Research Council of Italy, 2015
This study set out to find the influence of road grade on emissions [18]. A 2.2L

light duty diesel equipped with EGR and a DPF was tested over two on-road test routes.
One of the routes covered 22km and was relatively flat, while the other route was 6km in
length and included uphill and downhill sections. The route was first tested with a
Horiba OBS-2200 PEMS, and then the same speed-time trace was tested using a chassis
dynamometer with no simulated road grade. The CO2 results between the PEMS and
chassis test correlated well for the relatively flat route with a maximum difference of
18%. The NOx values for the flat route had larger differences with a maximum of 130%.
In all cases, the laboratory chassis test was found to have higher NOx emissions. The
authors accounted for this difference with the fact that the intake air temperature was
approximately 10°C higher in the laboratory test. The second route was separated into an
uphill and downhill section. The uphill section PEMS results were found to be 85% and
33% higher for CO2 and NOx, respectively, when compared to the zero grade version on
the chassis dynamometer. The downhill section PEMS results were found to be 45% and
60% lower when compared to the chassis test.
2.6.6

West Virginia University, 2017
Chassis dynamometer and PEMS testing was carried out on six light-duty diesel

vehicles [19]. All of the vehicles were equipped with 3.0L EcoDiesel engine produced
by Fiat Chrysler Automobiles. All vehicles were equipped with an SCR and DPF and
were certified to US-EPA Tier2-Bin5 and CARB LEV-II standards. A Horiba OBS-ONE
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PEMS was used to measure gaseous emissions during the chassis and on-road tests.
Chassis tests were performed over the FTP-75, SC03, US06, Highway Fuel Economy
Cycle (HWFET), NEDC, and WLTP. The vehicles were also tested over two on-road
routes. The Morgantown route was urban and suburban driving, while the Bruceton
Mills route was highway and uphill/downhill driving. Overall, the on-road test produced
NOx emissions consistently higher than those found during chassis testing. It was also
found that the on-road route subjected the vehicle to higher loads than the chassis cycles.
The vehicles had maximum NOx emissions that were approximately 25 times higher than
the US EPA limit. The highest emissions were found on the Bruceton Mills route, a
highway route that also incorporates approximately 600 meters of elevation change. This
indicated that the higher emissions were related to road grade because of the additional
power required to overcome the positive elevation change.
2.6.7

University of Lisbon, 2017
This study focused on the methods used to calculate light-duty emissions level for

the European Real Driving Emissions Regulation [20]. The RDE regulation attempt to
bridge the gap between the emissions found during laboratory chassis dynamometer
testing and real-world conditions. The RDE is a PEMS-based test that measures emission
under real driving conditions. The European Commission is evaluating the MAW and
power binning methods for calculating emissions levels during the RDE. There are still
debatable points that require further study that include trip selection and data analysis
methods. One of the issues with trip selection is the uniqueness of a geographical
location. The results of one test may not be the same as those found in a different
location because of terrain and other factors. This study tested one diesel, one gasoline,
and one gasoline-hybrid vehicle. The gasoline and hybrid vehicles utilized a 3-way
catalyst, and the diesel was equipped with an oxidation catalyst and DPF. The vehicles
were tested on the road following the current EURO RDE regulations for the MAW and
power binning method. The author also considered emissions binned based on vehiclespecific-power (VSP). The results found an overall difference of 7% for CO2 and 10%
for NOx when comparing the MAW and power binning methods. The overall CO2 and
NOx were found to be 10% and 19%, respectively, when comparing the VSP and power
binning methods. Overall each method used a different approach, and the outcome was
different results. It is also expressed that the MAW method may normalize points that
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can affect the overall validity of the results. The VSP method was able to contend with
the hybrid powertrain with no major issues. The power binning and MAW analysis was
lacking because they do not consider the electric side of the powertrain.

2.6.8

BOSMAL Automotive R&D Institute Ltd, 2021
Testing was carried out on a SUV that was equipped with a 5.5L spark ignition

engine [21]. Testing was performed on a chassis dynamometer and on-road. The vehicle
was certified under Euro 6d-temp standards. The test cycles used on the chassis
dynameter was the WLTP, NEDC, FTP75, HWFET, and US06. A cold start version of
the US06 was also implemented that far exceeds the demands of any legislation found in
the world but arguably serves as a worst-case scenario. The vehicle was also tested under
the Euro RDE test procedure. The on-road route included positive road grade with a
cumulative altitude gain of 800m/100km. The highest THC emissions were found during
a cold start version of the US06 and exceed the certification limit. All the other test
cycles including the RDE test were below the certification value for THC. The CO
results were also highest for the cold start version of the US06 and exceeded the
certification value. The hot start version of the US06 was less than the cold start version
for CO but still exceeded the certification value. All of the other cycles, including the
RDE test, had CO values below the certification value. However, the on-road test did
reveal elevated CO emission during driving on positive road grade. In the case of NOx
emission, the highest levels were found during the hot start version of the US06 and
exceeded the certification value. The other test routes including the RDE test had NOx
levels below the certification limit. The particle number emissions were highest for the
cold start version of the US06 with the hot start version results slightly less. The other
test cycles including the RDE test had particle number emission near the certification
level. Overall, the measurement mythologies in the US and Europe have sufficient
differences to make them not directly comparable. The US FTP75 tends to generate
more lower results than the WLTP and NEDC cycles in the case of THC and CO. The
results for NOx and particle number were similar between the FTP75, WLTP, and
NEDC. The cycle speed, stops per distance, and sloping terrain can significantly
influence the emissions results. The author suggests that the interaction of these
parameters needs to be further studied including the effects of more sever terrain.
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2.7

Vehicle Emissions Modeling

2.7.1

West Virginia University, 2012
A study at WVU was carried out to develop a model to find the influence of

driving cycle properties on fuel consumption and emissions [22]. A variety of both
macroscopic and microscopic modeling techniques were explored. The macroscopic
models attempted to predict the emissions totals produced by a particular fleet of vehicles
over a given time period. Macroscopic models such as the US EPA’s MOBILE,
California Air Resources Board’s EMFAC, and European Environmental Agency’s
COPERT use certification data to estimate a vehicle's average distance-specific emissions
and that value is multiplied over the distance a vehicle travels [23,24,25]. The
microscopic models attempt to predict the emissions of a particular vehicle over small
time steps. Some of these models are experimentally based and use measured
relationships between velocity, acceleration, or load to predict emissions of a vehicle
[26,27,28]. Other models attempt to simulate the operation of the vehicle's individual
components to predict the emissions through component maps or the fundamental laws of
physics [29,30,31]. Lastly, some models use artificial neural networks and other modelbased methods to predict a system's behavior based on previous input and output data
[32,33].
The model in this study used data from three baseline test cycles to predict the
results of an “unseen” cycle for a particular vehicle [22]. Both chassis dynamometer test
cycles and in-use test cycle data were used. The baseline cycles are used to set up a
relationship between two cycle properties and either fuel consumption or emission rate.
Ultimately the three baseline cycles are used to create a two-dimensional plane that can
be linearly interpolated across using the cycle properties of a new “unseen” cycle to
predict either fuel consumption or emission rate. The model was evaluated using 74
different cycle properties. The main categories of these properties were related to speed,
acceleration, variation of acceleration, driving mode, power demand, variation of power,
and grade. A variety of test cycles and routes were also used to test the accuracy of the
model. When the right combination of properties and baseline results are used, the model
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could predict NOx within 10% and CO2 within 5% compared to measured values. It was
also found that better accuracy can be obtained when grade related properties are used to
predict in-use results. Fuel consumption could be predicted within 3.7% and NOx within
8.1% when grade related properties were used. There is, however, a loss of accuracy
when extrapolating beyond the region of the plane bounded by the baseline cycles. Also,
the selection of the baseline cycles can impact the accuracy of the model. Two cases
discussed are when baseline cycle results are too close to each other and when the
baseline cycles are linear combinations of each other. In either case, a singular or near
singular system is produced. The author recommended the model use three baseline
cycles to balance the amount of testing and accuracy. It was recommended that idle data
be included as one of the baseline routes.
2.7.2

NREL, 2014
This study uses an extensive data set from the NREL Transportation Secure Data

Center of driving data from across the US [34]. The data includes trips ranging from one
to seven days using 6,264 vehicles over 878,000 miles on 250,000 unique trips. Five
light-duty vehicles were modeled over the routes with and without road grade using
NREL’s Future Automotive Systems Technology Simulator (FASTSim). Two of the
vehicles were conventional spark ignition gasoline engines along with two gasolinehybrid and one all electric. Overall the vehicles had energy requirement increases of 1%3% for particular geographical areas. The conventional vehicles simulated experienced
energy requirement increases up to 4% for a particular geographical area. When looking
at individual trips, the hybrid had maximum increased energy uses upward to 30%. The
conventional vehicles had maximum increases of around 15%.
2.7.3

National Research Council of Italy, 2016
A study was carried out to incorporate road grade into the Kinematic Emission

Model (KEM) model [35]. KEM uses kinematic parameters to characterize driving
behavior. A database of experimental data was obtained and related to these parameters.
The emission on an untested route was then predicted based on the kinematic parameters
of the route. PEMS testing of a Fiat 500 gasoline vehicle were completed over two test
routes. The first had a length of 22km and was relatively flat. The other had a length of
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6km and included positive and negative road grade. The data collected was used as input
for the KEM. The results revealed a relationship between road grade and emissions and
fuel consumption. The results of the model gave more accurate results than the COPERT
IV model that doesn’t include the effects of road grade.
2.8

Volkswagen of America Lawsuits
In 2009, Volkswagen began selling Volkswagen and Audi vehicles with the

EA189 2.0L 4 cylinder diesel engine [9]. These engines had lean NOx traps and are
labeled as Generation 1. This engine and emissions management system configuration
was used in a variety of vehicles until 2014. The EA189 engine with Generation 2
emissions system was installed in the VW Passat from 2012 to 2014. The Generation 2
system was equipped with an SCR. The 2015 Volkswagen and Audi diesel vehicles were
installed with the EA 288 2.0L, 4 cylinder diesel engine, and a Generation 3 emissions
management system. The Generation 3 was also an SCR system. The 3.0L, 6 cylinder
Generations 1 engines are found in Volkswagen and Audi vehicles from 2009 to 2013.
The Generation 2, 3.0L can be found in Volkswagen, Audi, and Porsche vehicles from
2013 to 2016. In May of 2014, WVU published findings that some of these vehicles
produced NOx emissions over certification values during on-road PEMS testing [8]. In
January 2016, the US Department of Justice filed a suit against the VW group for
violating the Clean Air Act [36]. These light-duty diesel vehicles used defeat devices to
run in an alternative mode during certification testing compared to customer normal road
use. The normal road mode produced emission over certification limits. In June 2016,
CARB also filed suits against the VW group for the same reasons [37]. A partial Consent
Decree was filed in September 2016 to address the 2.0L engines [38]. In December
2016, a second partial Consent Decree was filed to address the 3.0L engines [39]. These
consent decrees cover the buyback or modification (to bring emission to acceptable
levels) of these vehicles and payments to support the increased use of zero emission
vehicles and support other actions to reduce NOx emissions. A third partial Consent
Decree was filed to cover a monetary civil penalty and measures to prevent further
violations [9]. The preventative measure includes company restructuring and PEMS
testing. A timeline of these events can be seen in Figure 2-6 [9].
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Figure 2-6: Timeline of Volkswagen Group Lawsuit [9]

2.9

Statistical Analysis of US Controlled Highways
In 2015, NREL performed a statistical analysis of US controlled highways. The

study analyzed 127,000 miles of highway across the US [40]. The data was aggregated
based on five speed limits and 1,728 counties. The data was then used to create 8,640
distributions of road grade by distance. The distributions were summed by speed limit
and shown in Figure 2-7. Overall, the higher speed highways have less intense road
grade than slower speed highways. For 55mpg highways, it was found that
approximately 56% of roadway has a road grade less than or equal to 1%. The 75mph
roadways had 69% of roadways having a road grade less than or equal to 1%. Overall the
majority of road grade on US highways range from 0-6%.

26

Figure 2-7: Distance-Based Cumulative Road Grade Distribution by Speed Limit [40]

The data was also analyzed base on a half hill events. The half hill analysis
examines sections of roadway where the sign of the grade didn’t change. Figure 2-8
shows the statistics for half hill distances based on highway speed. In the case of the
75mph highways from Figure 2-8, approximately 82% of half hill events are between 0
and 3miles. For all other speeds (55, 60, 65, 70mph), an average of approximately 90%
of half hill events would be between 0 and 3 miles.

Figure 2-8: Cumulative Half Hill Distance Distribution by Highway Speed Limit [40]
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The NREL study also developed constant speed synthetic routes that consider road
grade. The US highway data was weighted based on medium and heavy-duty (MD/HD)
activity by county. The statistical distributions were processed through the NREL DriveCycle Rapid Investigation, Visualization, and Evaluation (DRIVE) tool to generate road
grade profiles that are representative of national averages. Figure 2-9 shows an example
of a 55mph grade profile. The profile spans a distance of 12miles and has both positive
and negative road grade. The initial 1.75miles of the profile has a positive grade between
approximately 0.5 and 3.5%. A path of negative grade between 0 and -3% is then
followed for approximately 2.5miles. Another cycle of positive and negative grade
occurs over the next approximately 4miles before a final 3.75miles of positive road
grade. An example of a 65mph road profile can be seen in Figure 2-10. The 65mph
profile also has sections of both positive and negative. The first 0.6miles has a positive
grade with a maximum of 2.8% and then a section of 1.2miles of negative grade with a
minimum of -2.5%. The next 5.7miles the road grade cycles from positive to negative
road grade with 1.95miles of positive grade peaking at 4.2% and then transitioning in to
3.75miles of negative grade. The profile finishes with positive grade for 2.5miles and
then 2.5miles of profile with an average of zero grade.

Figure 2-9: 55mph DRIVE Road Grade Profile [40]
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Figure 2-10: 65mph DRIVE Road Grade Profile [40]
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3

Experimental Setup
Four different diesel-powered, light-duty passenger vehicles were utilized in the

development of the road-grade model. The testing for this study was conducted primarily
with vehicle A. Vehicle A was tested over eight tests routes with a variety of speeds and
road grades using a Horiba OBS-ONE (GS). The data from vehicle A was used to
develop the grade-based weighting system and analyze the overall effects of road grade
on emissions. Archived data from vehicle B, C, and D was used to verify if the gradebased weighting system could effectively compensate the NOx emissions for road grade
and identify if a vehicle was operating with a defeat device.
3.1

Test Vehicles
Vehicle A was the primary test vehicle and is a 2017 BMW 328d xdrive and can

be seen in Figure 3-1. The vehicle has a gross vehicle mass of 2059kg and is an allwheel-drive sedan. The engine is a 2.0L turbo diesel. The vehicle is equipped with a
diesel particulate filter and urea selective catalyst reduction. Vehicle A was certified by
the US EPA under Tier3-Bin125 and by CARB under LEVII-ULEV. Vehicles B, C, and
D where taken from a previous study are were used to validate the results obtained by
vehicle A [8]. Vehicle B was a 3001kg, 3.0L turbo diesel equipped with a diesel
particulate filter and urea selective catalyst reduction. Vehicle C was a 2010kg, 2.0L
turbo diesel equipped with a diesel particulate filter and lean NOx trap. Vehicle D was a
2110kg, 2.0L turbo diesel equipped with a diesel particulate filter and urea selective
catalyst reduction. A summary of the test vehicle data can be seen in Table 4-2. More
detailed information of vehicle B, C, and D can be seen in appendix 7.1.
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Figure 3-1: Vehicle A (2017 BMW 328d xdrive)
Table 3-1: Test Vehicle Information [8]

3.2
3.2.1

Vehicle

A

B

C

D

Fuel
Engine
Displacement (L)
GVWR (kg)
Emission
after-treatment

Diesel

Diesel

Diesel

Diesel

2.0
2059
OC, DPF,
urea-SCR

3.0
3001
OC, DPF,
urea-SCR

2.0
2010
OC, DPF,
LNT

2.0
2110
OC, DPF,
urea-SCR

Test Equipment
Horiba OBS-ONE
The Horiba OBS-ONE (GS) was used to collect continuous exhaust emissions

concentrations for CO, NO, NOx, and CO2. An exhaust flow meter was also used to
measure exhaust flow rate so a continuous mass flow of emissions can be recorded. The
exhaust flow meter tube also measured exhaust gas temperature and pressure. The
Horiba OBS-ONE (GS) is also equipped with a GPS, ambient condition sensors, and
vehicle ECU connectivity. The installation inside of the trunk of vehicle A can be seen in
Figure 3-2. The OBS-ONE (GS), pitot tube flow meter module (PF), and the power
supply unit can all be seen in the trunk installation. The PF receives the exhaust
stagnation pressure, static pressure, and temperature from the exhaust flow tube. This
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data is sent to the GS to be recorded and to calculate the exhaust flow rate. The PS
connects to a 110V AC power source and provides electrical power for the GS. The GS
distributes power to the PF unit. A laptop computer was used for logging data through
the Horiba software. A gasoline generator was utilized to power the PS and laptop
computer. A trailer hitch platform was used to support the generator and exhaust flow
tube. An external view of the experimental setup can be seen in Figure 3-3. The exhaust
gas flow meter pitot tube provides ports for exhaust stagnation pressure, static pressure,
temperature, and emissions sampling. The heated exhaust sampling line provides an
exhaust sample to the GS unit.

Figure 3-2: OBS-ONE
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Figure 3-3: External View Experimental Setup

3.2.1.1 CLD for NOx measurement
The Horiba OBS-ONE uses a chemiluminescence detector to measure NO and
NOx [41]. The NO2 in the exhaust stream is first converted to NO using a carbon-based
converter. The NO is then mixed with ozone gas O3 in a reactor to form NO2. During the
process, a portion of the NO2 is converted back to NO and releases energy in the form of
light. The light produced is proportional to the concentration of NO in the sample and is
detected by the senor.
3.2.1.2 Heated NDIR for CO and CO2 measurement
The Horiba OBD-ONE uses a heated-type NDIR analyzer to measure CO, CO2,
H2O [41]. Chopper modulated infrared light is passed through a gas sample. The gas
components absorb certain wavelengths of light. The decrease of light intensity
associated with CO and CO2 are measured and correlated with the concentration of each.
The sample’s H2O is also measured to compensate for any interference. A schematic of
an NDIR can be seen in Figure 3-4.
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Figure 3-4: Heated NDIR [41]

3.2.2

Emission Gas Flow Meter Pitot Tube
An exhaust gas flow meter is used in conjunction with the OBS-ONE to infer a

mass flow of measured emissions [41]. A schematic of the device and the installed flow
meter can be seen in Figure 3-5 and Figure 3-6, respectively. The gas flow meter utilizes
a pitot tube to measure the stagnation pressure of the flow. The absolute static pressure is
also measured to calculate the velocity pressure and ultimately calculate the flow
velocity. The cross-sectional area of the flow tube is used along with the velocity to
calculate the volume flow rate. The absolute pressure reading and temperature can then
be used to calculate density and convert the volume flow to a standard volume flow rate.
The combined equation can be seen as Equation 3. The pitot calibration constant (K) is
comprised of the cross-sectional area of the flow tube and correction factor determined
by Horiba.
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Figure 3-5: Gas Flow Meter Schematic [41]

Equation 3 [41]

Figure 3-6: Installed Gas Flow Meter
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3.3

OBD-II Interface
A commercially available OBD-II interface produced by ScanTool.net was utilized

to collect the vehicle’s ECU data. The OBDLink EX was connected to a second laptop
computer to record ECU data. The ScanTool.net OBDWIZ software was used to record
the ECU data. The OBDLink EX can be seen in Figure 3-7 .

Figure 3-7: OBDLink EX
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4
4.1

Procedure
Equipment Installation
Vehicle A was fitted with a 1-1/4” trailer hitch receiver. The hitch receiver was

used to install a platform that supports the gasoline generator and exhaust flow tube. The
GS, PF, and PS was housed in the truck of the vehicle and secured using the vehicle’s
factory cargo hooks. The vehicle’s factory exhaust tip was removed and a silicone
coupling was used to connect to the flow tube. The GPS antenna and ambient
temperature and pressure probe were mounted magnetically to the truck lid of the vehicle.
The laptop computer was placed on the passenger seat of the vehicle. All connections
were made between the various equipment.
4.2

Equipment Calibration and Verification
An analyzer linearization check was performed on the emissions analyzers for

NO, NOx, CO, and CO2 based on the manufacturers’ recommended procedures. A
Horiba gas divider (GDC) was connected to the GS using a RS-232C connection. An N2
and span gas bottle where connected to the GDC. A “T” fitting was utilized so that the
span gas could also be connected to the GA. The GA also required the connection of a
zero air bottle. The Horiba software executed an automatic sequence to complete the
analyzer linearize check. The span gas concentration is divided into ten evenly spaced
concentrations by the GDC by diluting the span gas with N2. At the end of the sequence
a regression is performed to calculate the coefficients for the calibration curve. Before
the start of each test a zero air bottle was used to zero each gas analyzer. The span value
for each analyzer was set using a blended bottle that contained specified concentrations
of NO, NOx, CO, and CO2. The flow meter was also zeroed before each test. The flow
meter measurement was verified using a carbon balance method. The overall carbon
accumulation that was measured by the GS was compared to the fueling data from the
ECU using 40 CFR 1065.655 approach shown in equation 4.
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𝑀𝑀

𝑥𝑥

𝑚𝑚̇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑊𝑊𝐶𝐶 ∙ 1+𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑛𝑛̇ 𝑒𝑒𝑒𝑒ℎ
𝐶𝐶

Where: 𝑚𝑚̇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑀𝑀𝐶𝐶
𝑤𝑤𝐶𝐶

Equation 4

fuel flow rate, in g/s
molecular mass of carbon, in g/mol
carbon mass fraction of fuel

𝑥𝑥𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

amount of carbon from fuel per mole of exhaust, in

𝑥𝑥𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂ℎ𝑑𝑑𝑑𝑑𝑑𝑑

fraction of water in the exhaust, in mol/mol

𝑛𝑛̇ 𝑒𝑒𝑒𝑒ℎ

4.3

𝐻𝐻2𝑂𝑂𝑂𝑂𝑂𝑂ℎ𝑑𝑑𝑑𝑑𝑦𝑦

mol/mol
exhaust flow rate, in mol/s

On-Road Tests
The testing was performed during the summer months were the ambient

temperature fell within the EURO RDE normal range between 0 to 30⁰C. The test runs
were completed during times with minimal precipitation, road construction, and unusual
traffic conditions. The diesel fuel used for testing was purchased from the same filling
station throughout testing. The air conditioner was operated for all runs. At the start of
each test day the emission equipment was connected to house power to begin the warmup sequence. The test vehicle was also started to warm to normal operating temperature.
After the emission equipment and vehicle reached operating temperature the electrical
power was switched to the gasoline generator power. At this point the zero and span
calibration for each gas analyzer was performed along with the zeroing of the flow meter.
The Horiba software was then used to create a new test and recording of the emission
data was initiated. Approximately 30 seconds later the OBDWIZ software was started to
begin recording ECU data. The on-road test could then take place over various routes
and driving conditions. Once the on-road test was complete the emission measuring
equipment and vehicle were allowed to stabilize for approximately one minute. The
Horiba software recording was then stopped and approximately 30 seconds later the
OBDWIZ software data logging was concluded.
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4.4

Raw Data Post Process
The Horiba software was used to calculate the mass flow rate of each measured

emission. As recommended by 40 CFR 1065.650 the data is time aligned, drift corrected,
and corrected for humidity in the case of NOx. The various criterion is followed
automatically by the OBS-ONE and its software. The time alignment was achieved
through previous response and delay time test data that was stored in the software. The
humidity correction factor was calculated based on the amount of water vapor in the
exhaust sample and ambient humidity. Once the corrections were complete the software
calculates the instantaneous mass flow of emission based on equation 5. The ECU data
from the OBDWIZ software was merged with the emissions data and time aligned. The
time alignment was achieved by a visual alignment between the Horiba flow meter
exhaust flow rate and mass air flow sensor data from the ECU.

Where: 𝑚𝑚̇𝑖𝑖

instantaneous mass flow of emission, in g/s

𝑥𝑥̇ 𝑖𝑖

corrected instantaneous concentration of emission, in mol/mol

𝑛𝑛̇ 𝑖𝑖

exhaust flow rate, in mol/s

𝑀𝑀

4.5

Equation 5

𝑚𝑚̇𝑖𝑖 = 𝑥𝑥𝑖𝑖 ∙ 𝑀𝑀 ∙ 𝑛𝑛̇ 𝑖𝑖

molar mass of emission, in g/mol

EURO RDE
The EURO RDE Commission Regulation (EU) 2016/427 was modified to

complement the US certification cycles. The CO2 reference curve points were derived
from simulated fuel economy results from the NREL FASTSim model at 19, 56.6, and
92.3km/h. The fuel economy from the FASTSim was used to estimate the CO2 emission
rate in g/km. The CO2 window was sized based on the amount of CO2 emitted over
7.66km at 36mpg. The 7.66km length represents the average length of the FTP-75 phase
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1 and phase 2, SC03, and US06 certification cycles. The 36mpg was taken from the
combined fuel economy published on fueleconomy.gov.
The EURO RDE method calculations were completed using a Visual Basic
program within Microsoft Excel. Aligned 1Hz data was taken from the Horiba OBS-ONE
data reduction software. The mass flow rate of CO, CO2, and NOx was taken from the
reduced data along with GPS data for speed and elevation. The first window starts at
time equal to zero. The mass of each emission, time, and distance was accumulated over
the first window until the CO2 total reached the defined CO2 window requirement. At
that point, each emission's total was divided by the total distance to produce an
unweighted distance-based emission. The average vehicle speed was also found by
dividing the total distance by the total time. The average speed and CO2 reference curve
was then used to calculate the distance-based reference CO2 value. The actual distancebased CO2 was then compared to the reference CO2 to calculate how much the actual
value deviated away from the reference curve in the form of a percent. If the percent
deviation was between ±25% of the reference curve, then the window was within the
primary tolerance and received a weighting factor of one. Any data between the 25% and
50% tolerance is given a weighting factor that decreases linearly from one to zero. If the
data point falls outside the 50% tolerance, it is given a weighting factor of zero. The total
distance-based emissions, weighting factor, average speed, and percent grade are stored,
and the next window begins at time equal to one second. The process repeats and then
starts again at time equal to two seconds. This process continues until the end of the test
is reached. Each window’s distance-based emission total is multiplied by its respective
weighting factor, and the products are summed. The summation is then divided by the
sum of the weighting factors. This produces the EURO RDE overall weighted distancebased emission total.
4.6

Grade-Based Weighting System
The grade-based method calculations were also completed using a Visual Basic

program within Microsoft Excel. The mass flow rate of CO, CO2, and NOx was taken
from the reduced data along with GPS data for speed and elevation. The first window
starts at time equal to zero. The mass of each emission, time, and distance was
accumulated over the first window until a specified distance is reached. In this case, the
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specified length was chosen based on the statistical distribution of half hill events on US
highways. The NREL data shows that over 90% of highways have a half hills between 0
and 5km. An average of 2.5km was used as the specified window length. The distance
of 2.5km was used as a baseline and the effects of varying the window size is studied
further in the results section. Once the specified distance is reached, each emission's total
was divided by the total distance to produce an unweighted distance-based emission. If
the window's road grade was less than 1% it is given a weighting factor of 1. If the grade
is greater than 6% it is given a weighting factor of zero. If the grade falls between 1 and
6% it is given a weighting factor between one and zero calculated based on the statistical
distribution of grades on US highways. The total distance-based emission and the
weighting factor are stored, and the next window begins at time equal to one second. The
process repeats and then starts again at time equal to two seconds. This process continues
until the end of the test is reached. Each window’s distance-based emission total is
multiplied by its respective weighting factor, and the products are summed. The
summation is then divided by the sum of the weighting factors. This produces an overall
weighted distance-based emission total. For this study the average road grade was
calculated by dividing the elevation change by the distance traveled and then multiply by
100%. This is slightly different than the traditional definition of road grade where the
elevation change is divided by the horizontal distance traveled. This was done for ease of
the analysis and the difference is minimal.
Based on data collect by NREL the statistical distribution of grades of US
highways can be seen in Figure 4-1. Approximately 60% of US highways have a road
grade less than 1%. That leaves 40% of highways having greater than 1%. It can also be
seen that approximately 20% of highways have a grade greater than 2%. This process
was continued to create the data seen in Table 4-1. The distribution percentages were
normalized to generate weighting factors between 1 and 5% road grade. The weighting
factor data points were plotted, and an exponential trend was used to match the data and
obtain a weighting factor equation. The plot of the data can be seen in Figure 4-2. The
exponential equation produced a good fit with an R2 equal to 0.97 and can be seen as
equation 3. The grade weighting factor is calculated using Equation 6 for a road grade
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between 1 and 6%. Any grade less than 1% is given a weighting factor of one and grades
greater than 6% are given a weighting factor of zero.

Figure 4-1: US Highway Grade Distribution

Table 4-1: Grade-Based Weighting Fator Data Points

Grade
(%)

Percent of
highways with
higher grade (%)

Weighting Factor

1
2
3
4
5

40
20
10
5
2

1
0.5
0.25
0.125
0.05
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Figure 4-2: Grade-Based Weighting Factor Trend

𝑊𝑊𝑊𝑊(𝑖𝑖) = 2.1867𝑒𝑒 −0.738(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺(𝑖𝑖))

Equation 6

The algorithm used to assign the grade-based weighting factor can be seen in
Figure 4-3. At the start of the program the window size can be assigned. Based on the
raw data Sub process 1 then finds the change in the mass of NOx, distance, and elevation
between each time step. At this point the first window begins with time equal to zero.
Sub process 2 accumulates the mass of NOx, distance, and elevation change until the
specified distance is reached. Once the average grade is calculated for the window the
algorithm assigns a weighting factor. If the grade is equal to or less than 1% the
weighting factor is given a value of one. If the grade is greater than 6% the weighting
factor is given a value of zero. Equation 6 is used to calculate the weighting factor for
windows with a grade between 1 and 6%. It is possible for equation 6 to produce a
weighting factor greater than one however the algorithm will assign a weighting factor of
one under these circumstances. The accumulated mass of NOx, distance, and weighting
factor for the window are then stored. The next window then begins at time equal to one
second and the process repeats until the end of the raw data is reached.
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Figure 4-3: Grade Weighting Factor Algorithm
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4.7

Test Routes
Routes were developed to evaluate the effects of road grade under varying driving

conditions, including city, rural, and interstate driving. Routes 1 and 2 are city routes,
with route 2 having more road grade than route 1. Routes 3, 4, and 5 are rural routes that
have a progressive increase in road grade. Routes 6, 7, and 8 are interstate routes that
also have a progressive increase in road grade. A summary of route information can be
seen in Table 4-2. The absolute elevation change is the difference in elevation between
the beginning and end of each route. The road grades are based on average elevation
change over 1km moving windows. GPS elevation data was used to calculate the change
in elevation over a window. The grade was then calculated by dividing the elevation
change by the distance traveled in meters and multiplying by 100%. The routes were
selected to limit the amount of absolute elevation change so that the results would
simulate real-world driving that includes equal amounts of elevation increase and
decrease. Sections of the road were also identified that have an overall elevation
increase, elevation decrease, and approximately zero elevation change. These sections
are labeled as positive section (PS), negative section (NS), and zero section (ZS). The
additional route used to test vehicles B, C, and D can be seen in appendix 7.2.
Table 4-2: Test Route Summary for Vehicle A

Title

No. of
Runs

Type

Absolute
Elev.
Change
(m)

Route 1
Route 2
Route 3
Route 4
Route 5
Route 6
Route 7
Route 8

3
3
2
2
2
3
3
3

City
City
Rural
Rural
Rural
Interstate
Interstate
Interstate

0
4
5
13
6.3
15
44.3
-1
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Distance
(km)

Avg.
Speed
(km/h)

Min.
Grade
(%)

Max.
Grade
(%)

8
11
12
21
18
12
29
60

27
44
62
77
61
99
101
107

-2.5
-7
-2
-7
-11
-3
-4
-6

3
6
3.5
7
10
3
5
6

4.7.1

City Routes
Route 1 can be seen in Figure 4-4 and is a city route that begins and ends near

Fairmont State University in Fairmont, WV. The route has an overall distance of 8km
and an average speed of 27km/h. The grade ranges from -2.5% and +3%. The elevation
profiles can be seen in Figure 4-6, and the grade distribution based on 1km moving
windows can be seen in Figure 4-7. Route 1 begins on Locust Ave. and travels east
toward downtown Fairmont. The route then turns south onto Cleveland St., east onto
Adams St., and makes a loop through downtown Fairmont by turning north on Quincy St.
and west onto Jackson St. Cleveland St. is once again traveled to connect with Fairmont
Ave. to travel west to Country Club Rd. Country Club Rd. is then used to reconnect with
Locust Ave. and return to the beginning of the route.
Route 2 can be seen in Figure 4-5 and is a city route that begins on US 119 near
exit 1 of I-68. The route has an overall distance of 13km and an average speed of
44km/h. The road grade ranges from -7% to +6%. The elevation profiles can be seen in
Figure 4-6, and the grade distribution based on 1km moving windows can be seen in
Figure 4-7. The route travels west on US 119 to Green Bag Rd. The route continues on
green Bag Road until turning north onto Rt. 7 to Hartman Run Rd. The route then turns
south onto US 119 until turning onto route 705. Route 705 is traveled along Patterson
Dr. until turning north onto US 19. The route ends near on US 19 near Chaplin Rd.

Figure 4-4: Route 1, Fairmont Route
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Figure 4-5: Route 2, Morgantown Route

Figure 4-6: City Route Elevation Profiles
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Figure 4-7: City Route Grade Distributions

4.7.2

Rural Routes
Route 3 can be seen in Figure 4-8 and is a rural route that begins near Saltwell,

WV. The route has an overall distance of 12km and an average speed of 62km/hr. The
road grade ranges from -2% to +3.5%. The elevation profiles can be seen in Figure 4-11,
and the road grade distribution can be seen in Figure 4-12. The route travels north along
Rt. 73 until ending at US 250 near White Hall, WV.
Route 4 can be seen in Figure 4-9 and is a rural route that begins outside of
Fairmont, WV on Rt. 73. The route has an overall distance of 21km and an average
speed of 77km/hr. The road grade ranges from -7% to +7%. The elevation profiles can
be seen in Figure 4-11, and the road grade distribution can be seen in Figure 4-12. The
route travels along Rt. 73 until ending at US 119 near Morgantown, WV.
Route 5 can be seen in Figure 4-10 and is a rural route that begins near
Kingwood, WV on Rt. 7. The route has an overall distance of 18km and an average speed
of 61km/hr. The road grade ranges from -11% to +10%. The elevation profiles can be
seen in Figure 4-11, the road grade distribution can be seen in Figure 4-12. The route
travels along Rt. 7 to Terra Alta, WV, where the course is reversed until returning to
Kingwood, WV.
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Figure 4-8: Route 3, Saltwell to Fairmont (Rt. 73)

Figure 4-9: Route 4, Fairmont to Morgantown (Rt. 73)
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Figure 4-10: Route 5, Kingwood to Terra Alta (Rt. 7)

Figure 4-11: Rural Route Elevation Profiles
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Figure 4-12: Rural Route Grade Distribution

4.7.3

Interstate Routes
Route 6 can be seen in Figure 4-13 and is an interstate route that begins on I-79

near White Hall, WV. The route has an overall distance of 12km and an average speed of
99km/hr. The road grade ranges from -3% to +3%. The elevation profiles can be seen in
Figure 4-16, and the road grade distribution can be seen in Figure 4-17. The route travels
along I-79 until reaching Saltwell, WV.
Route 7 can be seen in Figure 4-14 and is an interstate route that begins on I-79
near White Hall, WV. The route has an overall distance of 29km and an average speed of
101km/hr. The road grade ranges from -4% to +5%. The elevation profiles can be seen
in Figure 4-16, and the road grade distribution can be seen in Figure 4-17. The route
travels along I-79 until reaching US 119 near Morgantown, WV.
Route 8 can be seen in Figure 4-15 and is an interstate route that begins at Cheat
Lake near Morgantown, WV. The route has an overall distance of 60km and an average
speed of 107km/hr. The road grade ranges from -6% to +6%. The elevation profiles can
be seen in Figure 4-16, and the road grade distribution can be seen in Figure 4-17. The
route travels along I-79 to Hazelton, WV where the course is reversed until returning to
Morgantown, WV.
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Figure 4-13: Route 6, Fairmont to Saltwell (I-79)

Figure 4-14: Route 7, Fairmont to Morgantown (I-79)
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Figure 4-15: Route 8 Morgantown to Hazelton (I-79)

Figure 4-16: Interstate Route Elevation Profiles
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Figure 4-17: Interstate Route Road Grade Distribution
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5

Experimental Results

5.1

Overall Average Emissions Results
This section provides the overall average fuel economy, CO2, CO, and NOx

emission for each route. Total hydrocarbons (THC) and particulate matter (PM) were not
measured during the testing of vehicle A. The measurement of these emissions requires
addition equipment that was not available at the time of the testing. However, a previous
study shows that that THC and PM is normally well below the certification value during
on-road routes [8]. The air conditioner was operated for all runs. The bars in each chart
represent the average emission values and the square markers represents the maximum
grade for each route. The error bars represent the variation found over multiple runs of
the same route. The top error bar shows the maximum value between the runs and the
bottom error bar show the minimum between the runs. The overall average emissions
results can be seen in Table 5-1.
Table 5-1: Overall Average Emissions Results

Title

Min.
Grade
(%)

Max.
Grade
(%)

Fuel
Economy
(km/l)

Average
Overall CO2
(g/km)

Average
Overall CO
(g/km)

Average
Overall
NOx (g/km)

Route 1
Route 2
Route 3
Route 4
Route 5
Route 6
Route 7
Route 8

-2.5
-7
-2
-7
-11
-3
-4
-6

3
6
3.5
7
10
3
5
6

13.59
14.08
20.14
16.47
12.73
16.88
17.38
17.50

183.21
148.27
122.91
160.08
202.23
160.76
149.23
152.00

0.062
0.122
0.172
0.074
0.093
0.135
0.104
0.229

0.011
0.011
0.007
0.028
0.155
0.029
0.040
0.139

5.1.1

Overall Average Fuel Economy and CO2 Emissions
The overall average fuel economy and CO2 emissions can be seen Figure 5-1 and

Figure 5-2, respectively. The trend of the CO2 correlates well with the fuel economy
data. As to be expected, there is an inversely proportional relationship between CO2
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emissions and fuel economy. The city driving routes, route 1 and 2, showed a decrease in
CO2 emissions as the maximum grade of the route increased. This result may be due to
route 2 having longer stretches of road without stop and go driving. The overall fuel
economy improved for route 2, and this reduced the overall average CO2 emissions. The
rural routes (routes 3, 4, and 5) showed an increase of CO2 emissions as the route's
maximum grade increased. The interstate routes (routes 6, 7, and 8) had similar CO2
emissions as the maximum grade increased. Routes 7 and 8 had approximately the same
average emissions. Route 6 had slightly higher average CO2 emissions, but routes 7 and
8 fell within the variation margin of route 6. Route 5 was found to have the highest CO2
emissions and highest maximum road grade. Overall, a strong relationship can be seen
between road grade and CO2 emissions for rural routes.

Figure 5-1: Overall Average Fuel Economy
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Figure 5-2: Overall Average CO2

5.1.2

Overall Average CO Emissions
The overall average CO emissions can be seen in Figure 5-3. The city routes

(routes 1 and 2) showed increased CO emissions with increased maximum grade. Both
the rural routes (routes 3, 4, and 5) and the interstate routes (routes 6, 7, and 8) show a
decrease of average CO emissions with an initial increase of road grade then the opposite
trend can be seen as road grade was increased further. This indicated that the CO
emissions are minimized during moderate road grade. However, the largest CO
emissions were found with route 8 during interstate driving with the highest maximum
road grade. Overall, the average CO emission values for all routes were well below the
EPA certification value for the vehicle of 1.305 g/km.
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Figure 5-3: Overall Average CO

5.1.3

Overall Average NOx Emissions
The overall average NOx emissions can be seen in Figure 5-4. The city routes

(routes 1 and 2) showed no significate change in average NOx emission as maximum
road grade increased. The rural routes (routes 3, 4, and 5) and interstate routes (routes 6,
7, and 8) showed an increase of average NOx emission with an increase of maximum
road grade. Overall, the maximum average NOx values were produced during route 5
where the maximum road grade was the highest. During routes 5 and 8 the vehicle
produced average NOx values well above the CARB-certified value of 0.03g/km. There
was no significant change in NOx between the city routes. There was significate change
between the rural routes (routes 3, 4, and 5). The distance-based NOx increased by a
factor of three between route 3 and 4. There was a large increase of NOx of over 21
times between route 3 and route 5. The interstate routes also showed a large deviation.
The distance-based NOx results between routes 6 and 7 increased by almost 38%. The
results for route 6 to route 8 increased by nearly four times.
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Figure 5-4: Overall Average NOx

5.2

Effects of Road Grade on NOx Emissions
The overall NOx emissions results show an increase of NOx emissions with respect

to road grade. This section will focus on the distance-based NOx emitted over smaller
sections of each route with a negative grade, approximately zero grade, and positive
grade. Sections of each route were selected that had a relatively constant road grade.
The sections of each route are meant to provide discrete data points that can be used to
develop a trendline that shows the effects of road grade on NOx emissions. The same
section of road was used for each run of a particular route. The approximant profile
locations are included in the tabular summaries. The profile of each route can be seen in
the procedures section of this report.
5.2.1

Effects of Approximately Zero Road Grade on NOx Emissions
Sections of road were identified in several routes that had approximately zero road

grade. Not all routes are included in this section because of the topography of the test
area. The data for the zero grade sections can be seen in Table 5-2. The sections range
from 0.52 to 2.5km with speeds ranging from 22.22 to 108km/hr. The grade of the
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sections ranges from -0.06 to 0.02%, with NOx values ranging from 0.0009 to
0.0048g/km. Figure 5-5 shows the trend of the distance-based NOx with respect to road
grade. A linear trend was used that shows an increase of distance-based NOx emissions
as road grade increases. Based on the linear trend, the 0.03g/km certification value
would be achieved at 1.47% road grade.
Table 5-2: Approximate Zero Road Grade Sections Data

Route 1
Route 2
Route 3
Route 6

Profile
Label

Avg. Distance
(km)

Avg. Speed
(km/hr)

Avg. Grade
(%)

Avg. NOx
(g/km)

ZP1
ZP2
ZP3
ZP6

0.52
1.92
1.33
2.75

22.22
43.72
57.27
107.77

0.02
-0.06
-0.05
-0.01

0.0036
0.0009
0.0048
0.0035

Figure 5-5: Approximant Zero Road Grade-Based NOx Trend

5.2.2

Effects of Positive Road Grade on NOx Emissions
The data for the positive road grade sections can be seen in Table 5-3. Each run of

each route was utilized. The sections range from 1.43 to 2.74km with speeds ranging
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from 27.5 to 109km/hr. The grade of the sections ranges from 1.95 to 8.73% with NOx
values ranging from 0.001 to 0.47g/km. Figure 5-6 shows the trend of the distance-based
NOx with respect to road grade. The trendline created by the data appears to have a
nonlinear relationship between road grade and NOx emissions. A trend using a constant
coefficient multiplied by grade raised to a power of 2.56 provided the best fit. Overall
SCR operation and DPF regeneration events can vary NOx emission over multiple runs
of a single route and these events contribute to the variation in the NOx. The highest
value of NOx came from a single run that was a product of a regeneration event that will
be discussed in a later section.

Route 1
Route 2
Route 3
Route 4
Route 5
Route 6
Route 7
Route 8

Table 5-3: Positive Road Grade Sections Data

Profile
Label

Avg. Distance
(km)

Avg. Speed
(km/hr)

Avg. Grade
(%)

Avg. NOx
(g/km)

PS1
PS2
PS3
PS4
PS5
PS6
PS7
PS8

1.68
2.59
1.99
1.43
2.74
2.00
1.52
2.39

27.49
51.67
50.35
73.39
82.32
108.93
84.52
108.68

4.52
2.07
2.49
6.90
8.69
2.87
4.83
5.45

0.03
0.02
0.02
0.17
0.28
0.01
0.05
0.47
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Figure 5-6: Positive Road Grade-Based NOx Trend

5.2.3

Effects of Negative Road Grade on NOx Emissions
The data for the negative road grade sections can be seen in Table 5-4. Each run of

each route was utilized. The sections range from 0.79 to 2.34km with speeds ranging
from 39.6 to 109.4km/hr. The grade of the sections ranges from -1.75 to -7.80% with
NOx values ranging from 0.0005 to 0.026g/km. Figure 5-7 shows the trend of the
distance-based NOx with respect to road grade. The trendline created by the data appears
to have minimal slope with a variation over the grade range less than 0.005g/km of NOx.
The data shows some potential for moderate NOx emissions during negative road grade.
The highest value of NOx came from a single run where a regeneration event is not
suspected. There is no clear reason for the high NOx for the single run other than a
variation in driving style between runs.
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Profile
Label
Route 1
Route 2
Route 3
Route 4
Route 5
Route 6
Route 7
Route 8

Table 5-4: Negative Road Grade NOx Trend

Avg. Distance
(km)

NP1
NP2
NP3
NP4
NP5
NP6
NP7
NP8

Avg. Speed
(km/hr)

1.98
1.60
1.76
1.49
2.34
1.30
0.79
2.33

Avg. Grade
(%)

39.59
71.84
66.19
84.39
75.12
108.88
109.40
108.87

Avg. NOx
(g/km)

-1.75
-3.51
-1.35
-5.89
-7.80
-1.36
-5.22
-4.77

0.0005
0.0013
0.0085
0.0013
0.0092
0.0101
0.0261
0.0019

Figure 5-7: Negative Road Grade NOx Trend

5.3

EURO RDE Results
This section provides results using a modified EURO RDE method. The EURO

RDE was modified to complement the US certification cycles. The CO2 reference curve
points were derived from simulated fuel economy results from the NREL FASTSim
model at 19, 56.6, and 92.3km/h. The fuel economy from the FASTSim was used to
estimate the CO2 emission rate in g/km. The CO2 window was sized based on the
amount of CO2 emitted over 7.66km at 36mpg. The 7.66km length represents the
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average length of the FTP-75 phase 1 and phase 2, SC03, and US06 certification cycles.
The 36mpg was taken from the combined fuel economy published on fueleconomy.gov.
The ±25% and ±50 tolerance can be seen on the plots found in the following sections.
The data within the ±25% tolerance is considered the primary tolerance and is given a
weighting factor of one. Any data between the 25% and 50% tolerance is given a
weighting factor that decreases linearly from one to zero. If the data point falls outside
the 50% tolerance, it is given a weighting factor of zero. The tabular values for each run
are also provided that indicates the non-weighted minimum and maximum values of
distance-based NOx, along with the overall weighted NOx value and the percent of
windows within the primary tolerance.

5.3.1

Average Overall EURO RDE Results
The average overall EURO RDE results can be seen in Table 5-5 and Figure 5-8.

There was a slight decrease of 18% between overall weighted NOx values for the city
routes. There was a significate change between the rural routes (routes 3, 4, and 5). The
distance-based NOx increased by a factor of about 2 between routes 3 and 4. There was a
significant increase of NOx of over 23 times between route 3 and route 5. The interstate
routes also showed a large deviation. The distance-based NOx results between routes 6
and 7 increased by almost 100%. The results for route 6 to route 8 increased by nearly
three times. Routes 5 and 7 both had higher weighted overall NOx values than the actual
overall results.
Table 5-5: Average Overall EURO RDE NOx

Min.
Grade
(%)

Max.
Grade
(%)

Min.
NOx
(g/km)

Max.
NOx
(g/km)

Avg. Overall
Weighted
NOx (g/km)

Avg. Windows
in Primary Tol
(%)

Route 1
Route 2
Route 3
Route 4
Route 5
Route 6

-0.12
-1.10
-0.17
-1.14
-2.79
-0.08

0.16
1.02
0.18
1.68
8.88
0.51

0.0062
0.0055
0.0077
0.0071
0.0705
0.0050

0.0129
0.0147
0.0080
0.0508
0.3244
0.0344

0.0114
0.0093
0.0079
0.0227
0.1685
0.0220

100.00
88.28
100.00
73.00
27.53
100.00

Route 7
Route 8

-0.43
-1.80

1.13
5.57

0.0903
0.0074

0.0443
0.7189

0.0443
0.0910

88.62
55.92
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Figure 5-8: Average RDE Results

5.3.2

EURO RDE City Route Results
The CO2 data for the city routes can be seen in Figure 5-9. As noted above, the

variation in NOx emissions from run-to-run for the same route is illustrated in this figure.
The variation is influenced by engine control, aftertreatment control, driving conditions,
driver response, ambient condition, and other possible influences. The route 1 data all fell
within the primary tolerance. Route 2 had an average of 79% of windows within the
primary tolerance. As seen in Table 5-6 route 1 and route 2 had average overall weighted
NOx emissions results of 0.0114 and 0.0107g/km, respectively. The overall weighted
NOx values, along with all windows, produced distance-based NOx below the certified
value of 0.03g/km.
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Figure 5-9: EURO RDE CO2 Curve Data for City Routes

Table 5-6: EURO RDE CO2 Based Window Results for City Routes

Route 1 Run 1
Route 1 Run 2
Route 1 Run 3
Route 2 Run 1
Route 2 Run 2
Route 2 Run 3

5.3.3

Min.
Grade
(%)

Max.
Grade
(%)

0.024
-0.108
-0.267
-1.277
-1.258
-0.775

0.083
0.341
0.066
0.709
1.523
0.821

Min.
NOx
(g/km)

Max.
NOx
(g/km)

Overall
Weighted NOx
(g/km)

Windows
in
Primary
Tol. (%)

0.0085
0.0045
0.0056
0.0050
0.0080
0.0035

0.0085
0.0051
0.0252
0.0141
0.0183
0.0116

0.0085
0.0048
0.0210
0.0097
0.0110
0.0073

100.00
100.00
100.00
100.00
78.98
85.87

EURO RDE Rural Route Results
The CO2 data for the rural routes can be seen in Figure 5-10. The route 3 data all

fell within the primary tolerance. Route 4 had an average of 73% of windows within the
primary tolerance. As seen in Table 5-7, route 3 and route 4 had average overall
weighted NOx emissions results of 0.0079 and 0.0228g/km, respectively. All of the route
3 windows and the overall weighted NOx for route 3 produced distance-based NOx
below the certified value of 0.03g/km. The overall weighted NOx values for route 4 were
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below the certified value, but route 4 produced unweighted windows above the
certification value with values at approximately 0.05g/km. Route 5 had overall weighted
NOx values well above the certification value with an average of 0.168g/km. The
maximum unweighted window from the route 5 runs had a magnitude of 0.452g/km,
which is over 10 times the certification value. The high NOx values can be attributed to
the high road grade experienced during route 5.

Figure 5-10: CO2 Curve Data for Rural Routes

Table 5-7: EURO RDE CO2 Based Window Results for Rural Routes

Route 3 Run 1
Route 3 Run 2
Route 4 Run 1
Route 4 Run2
Route 5 Run 1
Route 5 Run 2

Min.
Grade
(%)
-0.215
-0.115
-1.100
-1.187
-2.761
-2.821

Max.
Grade
(%)
0.191
0.162
1.668
1.686
9.078
8.682

Min.
NOx
(g/km)

Max.
NOx
(g/km)

Overall
Weighted NOx
(g/km)

Windows in
Primary Tol.
(%)

0.0119
0.0035
0.0064
0.0078
0.0091
0.1319

0.0123
0.0037
0.0509
0.0507
0.1971
0.4516

0.0122
0.0036
0.0240
0.0215
0.1437
0.1932

100.00
100.00
82.79
63.21
26.11
28.94
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5.3.4

EURO RDE Interstate Route Results
The CO2 data for the interstate routes can be seen in Figure 5-11. The route 6 data

all fell within the primary tolerance. Route 7 had an average of 88.6% of windows within
the primary tolerance. As seen in Table 5-8, route 6 and route 7 had average overall
weighted NOx emissions results of 0.022 and 0.044g/km, respectively. All of the route 6
windows and the overall weighted NOx for route 6 produced distance-based NOx below
or very near the certified value of 0.03g/km. The overall weighted NOx values for route
7 were above the certified value by a maximum of 0.06g/km, and route 4 also produced
unweighted windows that were above the certification value with a maximum value of
0.11g/km. Route 8 had overall weighted NOx values above the certification value with
an average of 0.091g/km. One of the route 8 runs had a magnitude of 1.43g/km, which is
approximately 48 times the certification value. The other route 8 runs had maximum
windows average of 0.363g/km. The high NOx values of the route 8 runs can be
attributed to the increased road grade experienced during route 8. It is suspected that the
highest emitting run was a result of an aftertreatment regeneration event. There is a
further discussion of this in section 5.5.5.1.

Figure 5-11: CO2 Curve Data for Interstate Routes
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Table 5-8: EURO RDE CO2 Based Window Results for Interstate Routes

Route 6 Run 1
Route 6 Run 2
Route 6 Run 3
Route 7 Run 1
Route 7 Run 2
Route 7 Run 3
Route 8 Run 1
Route 8 Run 2
Route 8 Run 3

5.4

Min.
Grade
(%)
0.097
-0.159
-0.167
-0.427
-0.421
-0.450
-1.796
-1.855
-1.741

Max.
Grade
(%)
0.497
0.513
0.518
1.176
1.125
1.079
5.659
5.525
5.528

Min.
NOx
(g/km)

Max.
NOx
(g/km)

Overall
Weighted NOx
(g/km)

Windows in
Primary Tol.
(%)

0.0087
0.0044
0.0018
0.0107
0.0161
0.0091
0.0180
0.0021
0.0020

0.0370
0.0323
0.0339
0.1094
0.0546
0.1069
1.4312
0.3257
0.3999

0.0337
0.0147
0.0177
0.0594
0.0364
0.0370
0.2150
0.0282
0.0298

100.00
100.00
100.00
87.48
89.57
88.80
59.51
58.63
49.61

EURO RDE Results Conclusions
The EURO RDE showed a similar trend when compared to the actual overall

results. There was a progressive increase of distance-based NOx emissions as road grade
increased. In routes 2, 4, 6, and 8 the distance-based NOx was less for the EURO RDE
method when compared to the overall unweighted NOx. However, the distance-based
NOx for routes 1, 3, 5, and 7 were greater for the RDE method when compared to the
overall unweighted NOx. The number of windows within the primary tolerance
decreased as the road grade increased, which indicated a relationship between the CO2
based weighting factor and road grade. The distance-based CO2 with respect to road
grade can be seen in Figure 5-12. The correlation produced a linear proportional
relationship that confirms the potential for a road grade-based weighting system. The
main issues found with the RDE method are the linear weighting factor calculation and
the equal treatment of both positive and negative deviations from the reference curve.
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Figure 5-12: Distance-based CO2 with Respect to Road Grade

5.5

Grade-Based Weighting System
A road grade-based weighting system was developed using the NREL data for US

highways. The road grade-based weighting system utilizes a primary tolerance up to a
+1% road grade and a window length of 2.5km. Any windows falling above the +1%
grade is given a weighting factor between 1 at a 1% grade and 0 at a 6% grade. Lower
grades are more likely based on the statistical distribution, so are given a higher
weighting factor. Higher grades are less likely, so they are given a lower weighting
factor. Any negative grade windows are given a weighting factor of 1 to correct for the
disproportionality between the NOx emissions found during positive road grade events.
The window size of 2.5km was used as a baseline and a window size analysis was
performed in section 5.5.5.2.

5.5.1

Average Overall Grade-Based Results
The overall average results for the grade-based weighting system can be seen in

Table 5-9 and Figure 5-13. The average of the overall weighted NOx ranged from
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0.0065 to 0.0969g/km. Route 5 and 8 produced the highest emissions at 0.0969 and
0.0644g/km, respectively. These routes also had the highest road grade with the NOx
exceeding the certified limit. In all cases the average for each route was very near or
below the overall unweighted and EURO RDE weighted values. Figure 5-14 shows the
average percent of windows within the primary tolerance. The grade-based weighting
system had fewer windows within the primary tolerance for routes 1, 2, 3, 4, 6, and 7
compared to the EURO RDE system. However, all the routes had at least 60% of the
windows within the primary tolerance for the grade-based system. There was a slight
decrease of 20% in NOx between the city routes. There was a significate change between
the rural routes (routes 3, 4, and 5). The distance-based NOx increased by a factor of
about 2 between routes 3 and 4. There was a large increase of NOx of over 12 times
between route 3 and route 5. The interstate routes also showed a large deviation. The
distance-based NOx results between route 6 and 7 increased by almost 66%. The results
for route 6 to route 8 increased by almost 71%.

Min.
Grade
(%)
Route 1
Route 2
Route 3
Route 4
Route 5
Route 6
Route 7
Route 8

-1.30
-2.51
-0.97
-5.41
-8.74
-1.68
-2.02
-5.74

Table 5-9: Overall Average Grade-Based Results

Max.
Grade
(%)

1.45
4.67
2.12
4.20
8.89
1.88
2.68
5.66

Min.
NOx
(g/km)

0.0002
0.0029
0.0006
0.0007
0.0008
0.0015
0.0016
0.0008

Max.
Overall
NOx
Weighted NOx
(g/km) (g/km)
0.0339
0.0334
0.0186
0.1005
0.4718
0.0933
0.1676
0.7826

71

0.0081
0.0065
0.0073
0.0238
0.0969
0.0226
0.0376
0.0644

Windows in
Primary Tol.
(%)
92.84
84.77
91.91
70.18
60.39
76.67
80.35
65.56

Figure 5-13: Overall NOx Results Comparison

Figure 5-14: Overall Percent Within Tolerance Comparision
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5.5.2

Grade-Based City Results
The grade-based results for the city routes can be seen in Table 5-10. The grade

for route 1 ranged from -1.5 to 1.47%. The unweighted NOx ranged from 0 to
0.0244g/km for route 1. Route 2 had grade values between -2.43 and 4.69%. The
unweighted NOx values range from 0.0004 and 0.0354g/km for the city routes. Figure
5-15 and Figure 5-16 contain the unweighted and weighted NOx values with respect to
road grade. In this figure, and similar figures below, the blue unweighted symbol is
below the red weighted symbol for many of the data points. A clear relationship between
NOx and road grade can be seen for route 2. The unweighted values exceed the
certification value of 0.03 g/km near 4% road grade. The weighted values, however, are
reduced beginning at 1% road grade and are well below the certification value. The route
2 weighting factor comparison between the road grade-based and EURO RDE can be
seen in Figure 5-17. A relationship can be seen between the EURO RDE weighting
factor and road grade. The EURO RDE weighting factor is equal to one up to a road
grade of approximately 1% and decreased linearly. The road grade-based factor is equal
to one up to 1% road grade and then decreases nonlinearly according to the statistical
distribution.

Table 5-10: Grade-Based Results for City Routes

Min.
Max.
Grade Grade
(%)
(%)
Route 1 Run 1
Route 1 Run 2
Route 1 Run 3
Route 2 Run 1
Route 2 Run 2
Route 2 Run 3

-1.25
-1.29
-1.37
-2.62
-2.48
-2.43

1.47
1.47
1.43
4.73
4.69
4.61

Min.
NOx
(g/km)

Max.
Overall
NOx
Weighted
(g/km) NOx (g/km)

0.0003
0.0000
0.0004
0.0070
0.0011
0.0004
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0.0244
0.0121
0.0651
0.0354
0.0371
0.0277

0.0039
0.0054
0.0150
0.0063
0.0102
0.0030

Windows in
Primary Tol.
(%)
97.42
88.03
93.07
85.45
82.64
86.22

Figure 5-15: Grade-Based NOx for Route 1

Figure 5-16: Grade-Based Results for Route 2
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Figure 5-17: Route 2 Weighting Factors

5.5.3

Grade-Based System Rural Route Results
The grade-based results for the rural routes can be seen in Table 5-11. The grade

for route 3 ranged from –0.97 to 2.19%. The unweighted NOx ranged from 0.0002 to
0.0295g/km for route 3. Route 4 had grade values between -5.39 and 4.27%. The
unweighted NOx values range from 0.0004 and 0.0354g/km. Route 5 had grade values
between -8.68 and 8.99%. The unweighted NOx values range from 0.0006 and
0.5844g/km. Figure 5-18, Figure 5-19, and Figure 5-21 contain the unweighted and
weighted NOx values with respect to road grade for the rural routes. Route 3 had all
NOx values below the certification value of 0.03 g/km and the majority of the calculated
windows were below a grade of 1% and within the primary tolerance. A relationship
between NOx and road grade can be seen for routes 4 and 5. Route 5 had grade values
above 6%, which leads to windows falling outside of the secondary tolerance and
receiving a weighting factor of zero. Individual weighted windows exceeded the
certification value by over 10 times, but the overall weighted NOx for route 5 only
exceeded the certification value by a maximum of 3.7 times. The route 4 weighting
factor comparison between the road grade-based and EURO RDE can be seen in Figure
5-20. A distinct decrease in weighting factor begins between 0.5 and 1%. The weighting
75

factors for route 5 can be seen in Figure 5-22. The EURO RDE provided less than 30%
of points within the primary tolerance. There was 70% of the EURO RDE points outside
of the secondary, which received a weighting factor of zero. The grade-based weighting
system included approximately 60% of the windows within the primary tolerance and an
overall weighted NOx value 42.5% lower than the EURO RDE method.

Table 5-11: Grade-Based Results for Rural Routes

Min.
Max.
Grade Grade
(%)
(%)
Route 3 Run 1
Route 3 Run 2
Route 4 Run 1
Route 4 Run 2
Route 5 Run 1
Route 5 Run 2

-0.97
-0.97
-5.39
-5.42
-8.68
-8.81

2.19
2.05
4.12
4.27
8.99
8.79

Min.
NOx
(g/km)

Max.
Overall
NOx
Weighted
(g/km) NOx (g/km)

0.0010
0.0002
0.0006
0.0008
0.0006
0.0010

0.0295
0.0078
0.0997
0.1012
0.5844
0.3592

0.0109
0.0037
0.0281
0.0195
0.1114
0.0824

Figure 5-18: Grade-Based Results for Route 3
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Windows in
Primary Tol.
(%)
91.88
91.94
69.68
70.68
59.90
60.87

Figure 5-19: Grade-Based Results for Route 4

Figure 5-20: Route 4 Weighting Factors
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Figure 5-21: Grade-Based Results for Route 5

Figure 5-22: Route 5 Weighting Factors
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5.5.4

Grade-Based System Interstate Results
The grade-based results for the interstate routes can be seen in Table 5-12. The

grade for route 6 ranged from –1.72 to 1.90%. The unweighted NOx ranged from 0.0015
to 0.1027g/km for route 6. Route 7 had grade values between -2.06 and 2.72%. The
unweighted NOx values range from 0.0011 and 0.2162 g/km. Route 8 had grade values
between -5.75 and 5.73%. The unweighted NOx values range from 0.0002 and
1.48g/km. Figure 5-23, Figure 5-24, and Figure 5-26 contain the unweighted and
weighted NOx values with respect to road grade for the interstate routes. Route 6 had
overall weighted NOx values below the certification value of 0.03 g/km and had nearly
80% of the calculated windows were below a grade of 1% and within the primary
tolerance. A relationship between NOx and road grade can be seen for routes 7 and 8.
The highest road grade found during interstate routes was in route 8. Individual weighted
windows exceeded the certification value by over 49 times, but the overall weighted NOx
for route 8 only exceeded the certification value by a maximum of 4.7 times. The route 7
weighting factor comparison between the road grade-based and EURO RDE can be seen
in Figure 5-25. A reduction in weighting factor begins between 0 and -0.5%. The
weighting factors for route 8 can be seen in Figure 5-27. The EURO RDE maintained a
weighting factor of one between approximately -1 and +2% road grade. The weighting
factor then drops off linearly to zero between 3 and 4%. The EURO RDE included
around 60% of windows in the primary tolerance. The grade-based weighting system
included approximately 65% of the windows within the primary tolerance and an overall
weighted NOx value almost 30% less than the EURO RDE method.
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Table 5-12: Grade-Based Results for Interstate Routes

Min.
Max.
Grade Grade
(%)
(%)
Route 6 Run 1
Route 6 Run 2
Route 6 Run 3
Route 7 Run 1
Route 7 Run 2
Route 7 Run 3
Route 8 Run 1
Route 8 Run 2
Route 8 Run 3

-1.72
-1.68
-1.63
-2.06
-2.05
-1.95
-5.73
-5.75
-5.75

1.90
1.90
1.83
2.72
2.67
2.65
5.73
5.57
5.68

Min.
NOx
(g/km)

Max.
Overall
NOx
Weighted
(g/km) NOx (g/km)

0.0016
0.0015
0.0013
0.0014
0.0022
0.0011
0.0014
0.0002
0.0007

0.1027
0.0833
0.0939
0.2000
0.0868
0.2162
1.4778
0.4358
0.4343

0.0294
0.0140
0.0244
0.0477
0.0286
0.0365
0.1395
0.0242
0.0296

Figure 5-23: Grade-Based Results for Route 6
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Windows in
Primary Tol.
(%)
72.53
78.11
79.39
81.22
80.36
79.46
65.06
65.97
65.65

Figure 5-24: Grade-Based Results for Route 7

Figure 5-25: Route 7 Weighting Factors
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Figure 5-26: Grade-Based Results for Route 8

Figure 5-27: Route 8 Weighting Factors
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5.5.5

Grade-Based Weighting System Refinements
Refinements were made to the grade-based weighting system based on

observations made during the vehicle A data analysis process. The first was an assumed
regeneration event during run 1 of route 8. The run 1 distance-based NOx was
approximately five times more than run 2 and run 3. The vehicle’s ECU data was
checked to confirm this assumption. The other observation was the variation of overall
weighted NOx values with a change in moving window size. A window size analysis
was performed on several routes to better understand the effects of window size on the
overall weighted NOx.

5.5.5.1 Regeneration Events
The time trace of the weighted NOx values of the moving windows can be seen in
Figure 5-28. At a particular time on the plot, the NOx values represent the distancebased window average from that time to a point ahead in time where the specified
distance was reached. The other information on the plot is from the ECU data for diesel
aftertreatment status and regeneration status. The higher regeneration status levels
coincide with elevated NOx values.
Figure 5-29 shows the time trace of the same data but for run 2 of route 8. The
higher values of regeneration status and NOx are not present. The same trend was found
for run 3 of route 8.
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Figure 5-28: Route 8 Run 1 NOx and Regeneration Status

Figure 5-29: Route 8 Run 2 NOx and Regeneration Status
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5.5.5.2 Window Size Analysis
A window size analysis was performed on routes 5 and 7. Both routes 5 and 7
produce overall weighted NOx values above the certification value of 0.03g/km. Figure
5-30 shows the variation of the overall weighted NOx with a change in the moving
window size for routes 5 and 7. It can be seen that for route 5, the overall weighted NOx
values have a minimum of 0.04g/km at a window size of 0.5km. The window size was
increased up to 10km, where the overall weighted NOx was six times larger. The route 7
window size analysis also produced a minimum overall weighed NOx at 0.5km with a
value of 0.025g/km. Route 7 produced a maximum NOx value at a window size of
3.5km that was 1.7 times larger. Overall the optimum window length would vary based
on the route characteristics. This makes it difficult to define a window length that would
be appropriate for every route.

Figure 5-30: Route 5 and 7 NOx Window Size Analysis

The percent of windows falling within the primary tolerance was also analyzed.
The primary tolerance for the grade-based weighting system is defined as any window
that has an average road grade of one percent or less. The primary tolerance values for
route 5 and 7 can be seen in Figure 5-31. The window size of 0.5km had over 49% of the
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windows within the primary tolerance for route 5. The data shows that the percent within
the primary tolerance for route 5 increases to approximately 60% at a window size of
1km. The percent within the primary tolerance remains at approximately 60% until a
window size of 8km is reached. At this point, the percent within the primary tolerance
drops to approximately 50% for a window size of 9 and 10km. Route 7 produced a
percent within the primary tolerance value of over 60% for a window size of 0.5km. The
percent within the primary tolerance has an increasing trend up to 100% at a window size
of 6km and longer.

Figure 5-31: Route 5 and 7 Primary Tolerance Analysis

5.5.5.3 Refined Grade-Based Results
The refined grade-based results for NOx can be seen in Figure 5-32. The only
adjustments made were for the grade-based results for routes 5, 7, and 8. With a window
size adjustment, the average of the route 5 runs fell to 0.035g/km, which is near the
certification value of 0.03g/km. The window size adjustment for route 7 produced NOx
below the certification at an average level for the runs of 0.021g/km. The first run of
route 8 was eliminated from the average of the runs, and the NOx level was lowered to
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0.027g/km. The primary tolerance values can be seen in Figure 5-33. The window size
adjustment for route 5 decreased the primary tolerance percentage to an average between
the runs of approximately 50%. The window size adjustment for route 7 lowered the
primary tolerance percentage from 80 to 60%. The removal of run 1 from the route 8
data had no significant effect on the percent within the primary tolerance. The average
remained at approximately 65%. With the refinements, all of the weighted grade-based
results were below or very near the certification value and had at least 50% of the
windows within the primary tolerance.

Figure 5-32: Refined Grade-Based NOx results
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Figure 5-33: Refined Primary Tolerance Results

5.5.5.4 Grade-Based System Verification
Data from a previous study was used to verify if the grade-based system could
identify if a vehicle was using a defeat device [8]. Vehicle C and D are vehicles that
were identified by the US EPA to be using defeat devices. Vehicle B was not suspected
of having a defeat device. All three additional vehicles were certified by the US EPA
under Tier2-Bin5 with a NOx value at or below 0.04g/km. The vehicle information and
test routes can be found in the appendix. Route 9 was defined as a highway route.
Routes 10 and 11 were defined as urban and rural-uphill/downhill, respectively. The
grade-based weighting system was used to find an overall weighted NOx value for each
run for each vehicle. The window size was adjusted to minimize the distance-based NOx
value.
The grade-based data for vehicle B can be seen in Table 5-13. The overall
weighted NOx was below the certification value for route 9 and the first run of route 10.
The second run of route 10 produced a weighted NOx value of 0.09g/km, over twice the
certification value of 0.04g/km. However, the average between the runs for route 10 is
only slightly above the certification value. Route 9 and 10 had 100% of the windows
within the primary tolerance. The route 11 results for vehicle B were approximately 3 to
88

5 times the certification value. Route 11 had a significant grade and had approximately
61% of the windows in the primary tolerance.
Table 5-13: Vehicle B Grade-Based Results

Route 9 Run 1
Route 10 Run 1
Route 10 Run 2
Route 11 Run 1
Route 11 Run 2

NOx
(g/km)

% in Tol.

Window Size
(km)

0.021
0.090
0.021
0.212
0.127

100.00
100.00
100.00
61.50
61.09

35
12
12
2.5
2.5

The grade-based results for vehicle C can be seen in Table 5-14. Route 9 produce
weighted NOx values between 9 and 22 times the certification value. Nearly all of the
windows fell within the primary tolerance for vehicle C over route 9. Route 10 produced
weighted NOx values 23 to 27 times the certification value. An average of 91% of the
windows fell within the primary tolerance for vehicle C during route 10. The route 11
results were 23 to 30 times the certification value, and approximately 56% of the
windows fell within the primary tolerance.
Table 5-14 Vehicle C Grade-Based Results

Route 9 Run 1
Route 9 Run 2
Route 10 Run 1
Route 10 Run 2
Route 11 Run 1
Route 11 Run 2

NOx
(g/km)

% in Tol.

Window Size
(km)

0.375
0.872
0.900
1.095
1.185
0.934

100.00
96.62
85.20
96.85
54.24
57.66

20
20
2.5
2.5
5
5

The grade-based results for vehicle D can be seen in Table 5-15. There was no
data available for vehicle D over route 9. Route 10 produced weighted NOx values 19 to
22 times the certification value. All of the windows fell within the primary tolerance for
route 10. The route 11 results were approximately 12 times the certification value, and
around 66% of the windows fell within the primary tolerance.
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Table 5-15: Vehicle D Grade-Based Results

Route 10 Run 1
Route 10 Run 2
Route 11 Run 1
Route 11 Run 2

NOx
(g/km)

% in Tol.

Window Size
(km)

0.741
0.863
0.469
0.463

100
100
64.80
67.07

20
20
2.5
2.5

The average results for each vehicle and route can be seen in Table 5-16 and
Figure 5-34. The average values for vehicle B were below or near the certification value
for routes 9 and 10. The average value for vehicle B over route 11 was 4 times the
certification value. The majority of the higher NOx for vehicle B was when the exhaust
temperature was low. The data for run 1 of route 11 for vehicle B can be seen in Figure
5-35. The highest NOx values occurred at the beginning of the test and the final quarter
the test when the exhaust temperature was low. The low exhaust temperate reduces the
effectiveness of the SCR system and causes the vehicle to produce higher than normal
NOx. Figure 5-36 shows the data for run 1 of route 11 for vehicle B with the low exhaust
temperature sections removed. The shortened version of route 11 for vehicle B produced
a weighted NOx value of 0.06g/km. Vehicles C and D had average weighted NOx values
between 12 and 27 times the certification value. These high NOx values for vehicle C
and D confirm the use of defeated devices would be identified using the proposed gradebased weighting factor method.
Table 5-16: Average Grade-Based Results for Vehicle B, C, and D

Vehicle B

Route9
Route10
Route11

NOx (g/km)

% in Tol.

0.021
0.056
0.169

100.00
100.00
61.29

Vehicle C
NOx
% in
(g/km)
Tol.
0.624
0.998
1.060
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98.31
91.03
55.95

Vehicle D
NOx (g/km)

% in Tol.

N/a
0.802
0.467

N/a
100.00
65.94

Figure 5-34: Average Grade-Based NOx for Vehicle B, C, and D

Figure 5-35: Vehicle B Run1 Route 11
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Figure 5-36: Middle Section of Vehicle B Run1 Route 11
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6

Conclusions:
Data was collected over eight routes with a variety of road grade and driving

conditions. Routes 1 and 2 were city routes with an increased road grade from route 1 to
route 2. Routes 3, 4, and 5 were rural routes with an increasing road grade in their
respective order. Routes 6, 7, and 8 were interstate routes with a progressively increasing
road grade in their respective order. Overall, each route had a minimum elevation
difference between the beginning and end. The overall distance-based CO results were
well below the certified value for all routes. The overall distance-based NOx results for
city routes showed little variation. However, the rural and interstate routes showed a
direct correlation between NOx emissions and road grade. Routes 5, 7, and 8 all
produced actual overall distance-based NOx emissions higher than the certification value
required by the chassis dynamometer test cycles.
A further analysis was carried out that studied the effects of road grade on discrete
sections of the road having positive, negative, and approximately zero road grade. In the
case of positive road grade, the NOx emissions increased with road grade in a nonlinear
fashion. The rate of change of NOx with respect to grade increased with increased road
grade resembling an exponential or power fit. The section of road with approximately
zero road grade produced NOx well below the certification value but had a slight increase
as road grade increased. A linear correlation estimated that the certification value would
be reached at a road grade of 1.5%. The negative road grade sections produced NOx
levels below the certification level, but the data shows some potential for moderate NOx
emissions during negative road grade. Based on these sections of road, the increase of
NOx during positive road grade will increase non-linearly and not necessarily be
canceled by negative road grade events.
The EURO RDE was modified to complement the US certification cycles. A
window-based method was used to calculate emissions over smaller sections of road and
weighted based on a vehicle-base CO2 curve. The CO2 window was sized based on the
amount of CO2 emitted over the 7.66km length representing the average length of the
FTP-75 phase 1 and phase 2, SC03, and US06 certification cycles. The weighting factor
decreases linearly as distance-based CO2 levels fall outside of a primary tolerance. The
results showed a progressive increase of distance-based NOx emissions as road grade
increased. In the case of routes 2, 4, 6, and 8, the distance-based NOx was lower for the
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EURO RDE method. However, the distance-based NOx for routes 1, 3, 5, and 7 were
higher for the RDE method. The number of windows within the primary tolerance
decreased as the road grade increased, which indicated a relationship between the CO2based weighting factor and road grade. This was confirmed by analyzing the relationship
between distance-based CO2 and road grade. The correlation produced a linear
proportional relationship that reveals the potential for a road grade-based weighting
system. The main issues found with the RDE method are the linear weighting factor
calculation and the equal treatment of both positive and negative deviations from the
reference curve.
A road grade-based weighting system was developed using the NREL data for US
highways. The road grade-based weighting system utilizes a primary tolerance up to a
+1% road grade and a window length of 2.5km. Any windows falling above the +1%
grade are given a weighting factor between 1 and 0 based on the statistical distribution of
the grade of US highways. Any negative grade windows are given a weighting factor of
1 to correct for the disproportionality between the NOx emissions found during positive
road grade events. The grade-based system utilizes a window length of 2.5km. Almost
100% of highway half hill events fall between 0 and 5km, so an average of 2.5km was
specified. The grade-based weighting factor produces similar results compared to the
EURO RDE method for routes 1, 2, 3, 4, 6, and 7. The weighted NOx for the gradebased system produced values 42.5 and 30% less for routes 5 and 8, respectively. The
number of windows within the primary tolerance was increased by 30 and 5% for routes
5 and 8, respectively.
Further analysis was carried out using the grade-based system to investigate the
effects of regeneration events and the moving window size. It was found that the
regeneration events dramatically affect the NOx emissions and can increase the gradebased weighted NOx values by up to 6 times when compared to the same route without a
regeneration event. It was also found that the size of the moving window used for the
grade-based method can alter the weighted NOx results. The grade-based weighted NOx
value can be up to 6 times higher depending on the window size. When runs with
regeneration events are removed, and the moving window size is adjusted, all of the tests
produce weighted NOx values below or near the certification value of 0.03g/km.
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For verification of the grade-based system, additional vehicle data was analyzed.
The analysis confirmed that vehicles C and D had very high NOx values for all the test
routes, even when weighted with the grade-based system. The US EPA has identified
these vehicles to have defeat devices. The US EPA did not identify vehicle B to have a
defeat device. Its grade-based weighted NOx values were significantly lower than
vehicles C and D. Vehicle B had grade-based weighted NOx values below or very near
the certification value for two of the test routes. However, vehicle B did produce NOx
values approximately four times the certification value for one of the test routes. The
higher NOx, in this case, was primarily caused by low exhaust temperature operation.
This study set out to develop a grade-based weighting system for calculating onroad distance-based NOx emissions of light-duty diesel vehicles. The analysis provided
proves that the NOx emissions of a vehicle without a defeat device can be normalized for
road grade and achieve very near the certification value for the vehicle regardless of the
test route’s road grade. In the case of a vehicle with a defeat device, the emissions
calculated by the grade-based system are still many times that of the certification value
and can be identified. The recommendation for route selection would be to have a
minimal difference in elevation between the beginning and end of the test route. This
allows the grade-based weighting system to adequately compensate for sections of road
with significant positive road grade. This also eliminates a test route with only a negative
road grade. It is recommended that the size of the window used for the analysis should
be flexible. From the analysis, it was found that the route size can significantly alter the
overall weighted NOx values. The test route, vehicle, and specific circumstances of a test
run can affect the optimum window size. An opportunity for future work would include a
further study of window placement and sizing. Future work could also focus on
compensating for aftertreatment regenerations events, low exhaust temperature operation,
route length, and the required vehicle speed distribution for a route. Additionally, future
work could focus on using local and state road grade distributions to calculate inventory
emissions for that region. The grade-based method could be modified to be used in an
inverse manner that uses chassis dynamometer data to project on-road emissions.
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8

Appendix

Test Vehicle Data
Table 8-1: Test Vehicle Data [8]
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Vehicle B, C, and D Test Routes

Figure 8-1: Route 9 [8]

Figure 8-2: Route 10 [8]
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Figure 8-3: Route 11 [8]
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Figure 8-4: Elevation Profiles for Route 9,10, 11 [8]
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